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Chapter  1 
Introduction 

The  goal  of  this  program  was  to  demonstrate  performance  in  cells  sized  for  use  in  the 
SEAL  (SEa-Air-Land)  Delivery  Vehicle  (SDV).  The  object  of  this  procurement  was  to  develop  a 
rechargeable  lithium/lithium  cobalt  dioxide  (Li/LixCoOa)  cell  with  a  minimum  100  Ah  capacity 
that  would  serve  as  a  design  precursor  to  the  SDV-sized  cell.  The  minimum  100  Ah  cell  (sub- 
SDV  cell)  would  embody  the  essential  design  features  of  an  engineering  baseline  SDV  cell.  A 
successful  development  effort  would  conclude  with  the  testing  of  sub-SDV  cells.  The  cell  was  to 
deliver  not  less  than  100%  of  its  rated  capacity  every  cycle  for  50  cycles  and  at  least  100  Wh/lb 
every  cycle  under  the  following  cycling  regime:  charge  in  10  hours  and  discharge  in  6  hours. 


Background 

The  US  Navy  sought  the  development  of  the  electrochemical  couple,  LiTLijjCoOj,  in  order 
to  provide  a  battery  with  improved  performance  as  the  propulsion  power  source  for  underwater 
vehicles.  The  range  of  the  present  vehicles  is  limited  by  the  energy  density  provided  by  the  silver 
oxide/zinc  (AgO/Zn)  batteries  currently  being  used.  The  Li/Lij^CoOj  was  expected  to  provide  an 
energy  density  that  would  double  the  vehicle  range. 

Under  prior  Navy  funding,  30  Ah  cells  demonstrated  an  energy  density  of  58  -  60  Wh/lb 
at  the  six  hour  discharge  rate  over  40  cycles.^  This  was  independent  of  temperature  over  the 
range  of  -2°C  to  +35°C  and  of  charging  rates  between  2  and  20  hours. 


Requirements 

The  SDV  battery  had  the  following  specifications: 

•  Total  battery  weight  (cells  only):  776  lbs 

•  Nominal  Battery  voltage:  128V 

•  Operating  temperature:  -2°C  to  35°C 

•  Cells  equally  divided  among  four  canisters,  connected  in  series,  in  two  trays 
per  canister  (see  Figure  1.1)* 


‘  To  avoid  tooling  for  deep-drawn  cans,  welded  cans  were  used,  which  required  thicker  sheet  steel  for  ready 
weldability. 
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Approach 

A  prismatic  (rectangular  parallelepiped)  rather  than  cylindrical  geometry  allowed  for  the 
most  efficient  packing  of  the  cells.  The  design  is  detailed  in  Chapter  2. 

Initially,  the  cell  was  designed  using  a  metallic  lithium  anode  in  the  Li/LixCo02 
electrochemic^  system.  As  a  result  of  the  problems  that  were  encountered,  the  contract  was 
modified  to  design,  develop  and  test  cells  in  which  the  metallic  lithium  anode  was  replaced  with 
a  lithium  intercalation  graphite  electrode  (LiON®). 

Lithium  ion  cells  have  three  main  components  consisting  of  a  bonded  graphite 
anode/negative  electrode,  a  bonded  transition  metal  oxide,  such  as,  lithiated  nickel  oxide 
(LixNi02)  or  lithiated  cobalt  oxide  (LixCo02),  as  the  cathode/positive*  electrode  and  an  organic 
electrolyte.  The  lithium  ion  electrochemistry  uses  the  same  type  of  electrolyte  and  lithiated  metal 
oxide  cathodes  as  the  metallic  lithium  batteries,  but  the  negative  electrode  consists  of  a 
graphitized  carbon  structure.  As  there  is  no  metallic  lithium  present  in  the  cell,  the  lithium  ion 
technology  is  safer  and  offers  greater  cycling  efficiency.  The  cell  is  assembled  in  a  discharged 
state;  it  is  then  formed  and  charged.  During  charge,  lithium  ions  deintercalate  from  the  positive 
electrode  and  intercalate  into  the  carbon  negative  electrode.  During  discharge,  the  lithium  ion 
moves  back  into  the  positive  electrode.  Reversible  cycling  between  4.2  V  and  3.0  V  for  these 
systems  may  be  expressed  by  the  equations: 

0.5Li  +  Lio.5  C0O2  LiCo02  (137mAh/g) 

0.5Li  +  Lio.35  Ni02  Lio.85Ni02  (135mAh/g) 


*  The  use  of  "positive"  and  "negative"  in  this  report  refer  to  the  polarity  of  the  electrodes  on  discharge.  It  is 
understood  that  the  polarity  is  reversed  on  charge. 
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Figure  1.1  SEAL  Delivery  Vehicle  Battery  Layout 
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Chapter  2 

The  Metallic  Lithium  Anode  Design 

This  chapter  describes  several  mechanical  designs  and  details  the  chemical  composition 
of  the  components.  Lessons  learned  from  evaluations  of  the  designs  are  discussed. 


Cell  Design 

Saft  proposed  a  prismatic  cell  design  for  the  following  reasons; 

•  An  oversize  cylindrical  design  is  impractical  to  manufacture  because  the 
length  of  the  electrodes  makes  winding  tracking  difficult. 

•  Dendrites  (soft  shorts)  are  avoided  by  reducing  the  current  densities  on  the 
electrodes  by  increasing  the  surface  area.  A  safer  cell  results. 

•  Inter-electrode  separator  insulation  of  the  electrode  edge  is  improved. 

Furthermore,  the  energy  densities  per  unit  volume  and  per  unit  weight  were  maximized, 
by  reducing  hardware  size  and  weight. 

Table  2. 1  compares  the  performance  of  the  proposed  Li/Li^CoOj  battery  with  the  present 
AgO/Zn  battery.  Table  2.2  describes  the  proposed  riveted  prismatic  design. 

The  successful  cycling  of  a  lithium  rechargeable  cell  depends  greatly  on  its  mechanical 
stability.  The  cell  envelope  must  be  designed  to  control  or  maintain  a  particular  compression 
between  the  electrode  plates.  This  is  important  to  avoid  the  build  up  of  stripped  or  cycled 
lithium,  which  could  penetrate  through  the  separator,  causing  dendrites  or  soft  shorts,  when 
pressures  reach  certain  limits.  Further,  it  is  imperative  to  avoid  a  loose  pack  that  will  cause  plate 
defoliation,  excessive  cell  impedance,  and  poor  lithium  cycling  efficiency,  which  would  lead  to 
rapid  cell  failure. 

Proposed  Design 

The  proposed  case  design  incorporated  a  number  of  innovative  ideas: 

•  The  large  planar  faces  were  riveted  together  to  avoid  significant  dimensional 
changes. 
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•  The  insulated  rivets  also  served  to  index  the  planar  electrodes. 

•  The  positive  electrode  was  completely  enclosed  by  a  polyethylene  separator 
that  was  heat-sealed  at  the  outer  edges  and  the  indexing  hole.  This  secured 
the  electrode  position  and  avoided  shifting  during  shock  and  vibration. 

•  The  cover  and  bottom  (i.e.,  the  large  planar  faces)  had  reinforcing  ribs,  which 
limited  mechanical  deflection. 

•  The  inclusion  of  a  spring  plate  parallel  to  the  plates  allowed  for  the 
mechanical  growth  of  the  electrodes. 

•  The  use  of  two  pairs  of  glass-to-metal  seal  eyelets  (one  pair  for  [+]  and  one 
pair  for  [-]  terminals),  and  a  BS&B  vent  disk.  The  glass  material  was  Coming 
TA-23.  The  feed-through  current  lead  was  a  molybdenum  post. 

•  The  fill-port  was  projection-welded  onto  the  case  wall  although,  alternatively, 
it  could  be  located  on  the  cover. 

•  The  overall  rectangular  shape  was  selected  based  on  analyzing  the  headspace 
needed  for  the  tabs  and  a  deliberate  intent  was  made  to  minimize  the  number 
of  plates  and  consequent  dimensional  growth  during  charging. 

•  The  use  of  a  “sardine  can”  design  allowed  exact  electrode  stacking  and 
positioning  with  the  rivet  in  place. 

•  The  use  of  an  electrically  neutral  or  floating  potential  case,  whose  interior  was 
coated  with  a  fluorocarbon  resin  such  as  Tefeel  to  avoid  any  lithium 
deposition. 

One  of  the  unique  mechanical  properties  of  a  cylindrical  cell  design  is  the  hoop  stress,  a 
force  that  maintains  constant  dimensional  spacing  between  electrodes  throughout  the  cycle  life  of 
the  cell.  The  mandrel  hole  in  the  center  of  spiral  wound  electrodes  also  serves  an  important 
function  of  absorbing  the  dimensional  growth  of  the  electrodes.  Therefore,  a  design  of  a 
prismatic  cell  should  incorporate  design  features  that  would  act  similar  to  the  influence  of  hoop 
stress  and  the  mandrel  hole  within  a  cylindrical  cell.  These  design  features  for  the  prismatic  cell 
included  the  reinforcing  ribs  on  the  cell  cover  and  bottomj  the  rivet  which  tied  the  two  large 
surface  areas  together;  and  the  spring  plate,  which  will  partially  collapse  and  allow  plate  growth 
during  charging  similar  to  hoop  stress  and  the  mandrel  space  in  a  cylindrical  cell.  The  rivet 
would  be  projection  welded  on  the  bottom  of  the  case  and  then  mechanically  formed  over  the  top 
cover  and  tungsten-inert-gas  (TIG)  welded,  effectively  controlling  dimensional  changes  between 
the  large  planar  faces.  The  rivet  would  also  serve  to  index  the  electrodes  through  their  die  cut 
central  hole  while  the  positive  plate  is  completely  sealed  within  a  separate  envelope  preventing 
electrode  shifting  and  shorting  during  shock  and  vibration. 
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The  Navy’s  preference  that  all  hardware  should  consist  of  off-the-shelf  parts  could  not  be 
met  while  still  attaining  the  100  Wh/lb.  Expansion  of  the  electrodes  on  cycling  will  bulge  an 
ordinary  prismatic  steel  case.  The  5”  x  7”  planar  faces  would  be  subjected  to  deformation 
without  incorporation  of  the  rivet  and  reinforced  ribs.  Successful  development  of  a  rechargeable 
prismatic  cell  required  that  a  unique  and  novel  design  be  applied  against  the  challenges  of 
maintaining  constant  stack  pressure.  The  case  design  shown  in  the  drawings  can  be  realized  by 
folding  and  welding  Stainless  steel  sheet  to  the  exact  dimensions.  The  sheet  can  be  embossed  to 
form  the  ribs.  In  summary,  the  mechanical  design  aspects  shown  in  Figures  2. 1  through  2.6  are 
equal  in  importance  to  the  electrochemical  design  challenges  for  this  program. 

Amended  Design 

When  vendors  were  requested  to  quote  on  fabricating  the  can  and  top  cover,  they  stated 
that  a  compound  die  would  be  required  because  of  the  ribs.  This  would  cost  approximately 
$60,000.  An  attempt  was  made  to  fabricate  the  cover  with  tooling,  which  was  available  at  Saft. 

It  could  put  in  two  ribs  at  a  time.  When  the  rib  was  formed  across  the  grain,  the  304  stainless 
steel  (s.s.)  plate  buckled  and  cracked  (Figure  2.7).  Because  of  the  cost  of  the  compound  die,  the 
battery  was  redesigned  without  the  ribs  as  detailed  in  Figure  2.8  through  2. 17.  In  order  to  allow 
more  space  for  active  material,  the  “sardine  can”  design  and  the  spring  plate  were  not  used.  The 
case  was  made  by  folding  and  welding  stainless  steel  to  the  dimension  as  shown  in  Figure  2. 10. 
Rivets  tied  the  two  large  planar  surfaces  of  the  can  together  as  described  in  Chapter  4. 

A  test  fixture  was  designed  to  investigate  the  placement  of  the  rivet(s),  which  would 
minimize  the  effect  of  stack  bulging  during  cycling.  The  fixture  was  designed  to  hold  three 
positive  and  four  negative  plates  in  a  parallel  configuration.  The  fixture  base  was  a  one-quarter 
inch  304  s.s.  plate  with  a  0.093  inch  well  milled  out  for  the  plates  to  sit  in  (Figure  2. 18).  The 
wall  thickness  of  the  cavity  was,  therefore,  0. 1 57  inches.  The  positive  and  negative  electrodes 
were  welded  to  the  appropriate  terminals  on  the  face  of  the  steel  plate.  There  was  a  fill  port  for 
electrolyte  filling  (Figure  2.19)  on  the  flat  side  of  the  base  plate.  A  polytetrafluoroethylene  valve 
was  fitted  to  the  fill  port.  The  assembled  cell  was  evacuated  and  then  filled  with  the  electrolyte 
under  pressure.  Next,  a  polyethylene  gasket  and  a  metal  shim  stock  (Figure  2.20)  were  used  to 
cover  the  cell.  The  shim  stock  varied  in  thickness  and  allowed  the  study  of  the  effect  of  the 
flexibility  of  the  battery  “can.”  In  one  fixture  (#5),  the  shim  stock  was  replaced  with  the  flat  side 
of  another  fixture  base,  in  order  to  represent  a  very  thick  cover.  To  simulate  the  rivet  that  was 
used  to  hold  the  center  of  the  cell  at  a  fixed  thickness,  an  arm  and  screw  assembly  was  developed 
(Figure  2.21).  The  arm  was  attached  to  the  frame,  which  was  used  to  screw  the  fixture  closed 
and  fitted  over  the  assembly  on  the  shim  side.  The  center  screw  was  tightened  down  on  the 
center  of  the  stack.  The  effect  of  the  pressure  of  the  screw  on  the  stack  was  studied  in  comparing 
Fixtures  2  and  3  with  Fixture  4  (Table  2.3). 

The  cell  consisted  of  three  plates  ofLiCoOj-based  positive  electrodes  and  four  metallic 
lithium  electrodes.  The  positive  plates  (Figure  2.22)  were  made  from  a  mix  that  had  the 
following  composition: 
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Weight  Percent 


LiCo02 

89.5 

Ketjenblack  EC-600 

5.0 

Graphite 

2.0 

Polytetrafluoroethylene 

3.5 

The  mix  was  pasted  on  one  side  of  aluminum  expanded  metal,  type  4  A1 8-077  from 
Delker  Corporation,  which  was  calendered  prior  to  pasting  to  a  thickness  of  0.006  inches  from 
the  original  0.010  inches.  The  cathodes  were  calendered  to  a  final  thickness  of  0.016  inches. 

The  plates  were  cut  to  the  final  dimensions.  One  positive  assembly  consisted  of  a  single  side  of 
a  pasted  plate,  folded  with  the  active  material  facing  out.  A  small  area  of  the  active  material  was 
brushed  off  to  expose  the  aluminum  expanded  metal  for  welding.  Then,  a  0.001 -inch  thick 
aluminum  tab  was  sandwiched  between  the  two  halves  and  welded. 

For  the  negative  electrode,  it  was  originally  proposed  to  use  a  lithium  aluminum  alloy 
(15%  aluminum  by  weight),  but  the  minimum  thickness  that  was  available  was  0.006  inch, 
which  was  too  thick.  The  negative  electrode,  (Figure  2.23),  alternately  was  made  by  pressing 
0.003-inches  thick  lithium  onto  both  sides  of  a  0.003-inch  thick  copper  mesh.  A  0.001-inch 
thick  nickel  tab  was  welded  directly  through  the  lithium.  The  plates  were  5.63  inches  by  6.50 
inches  and  the  overall  laminated  thickness  was  0.0085  inches. 

Two  layers  of  separator,  one  of  porous  polypropylene  (Celgard  2400)  and  the  other  of 
porous  polyethylene  (Celgard  K-869),  were  used.  The  polypropylene  offers  a  degree  of  rigidity 
to  the  cell  stack  and  a  layer  that  is  difficult  for  dendritic  lithium  to  penetrate.  The  polyethylene  is 
a  softer  material  but  melts  at  a  low  temperature  (100-1 10°C),  offering  a  cell  shutdown 
mechanism  that  enhanced  safety.  The  positive  plates  were  placed  in  pouches  made  from  two  sets 
of  separators  as  shown  in  Figure  2.24.  In  Fixture  #1,  the  pouch  was  sealed  on  all  four  sides.  In 
later  fixtures,  the  pouch  was  unsealed  on  at  least  one  side.  The  electrol54:e  used  throughout  these 
studies  consisted  of  a  solvent  mixture  of  ethylene  carbonate,  propylene  carbonate,  and  dimethyl 
carbonate  in  a  1/1/2  ratio  by  volume,  with  1 .2  A/LiAsFe  as  the  dissolved  salt. 


Test  Cell  Builds  and  Test  Results 

The  fixtures  (Figure  2.25)  were  assembled  using  the  hardware  described  above  and  filled 
with  electrolyte.  The  cells  were  charged  and  discharged  at  a  C/17  rate  for  the  first  two  cycles 
between  4.2  volts  and  3.0  volts.  To  avoid  dendrites  and  to  allow  for  full  absorption  of  the 
electrolyte,  a  low  rate  of  charge  and  discharge  was  required  during  these  formation  cycles.  From 
the  third  cycle  on,  the  cells  were  charged  at  C/1 1  rate  to  either  4.3  volts  or  7.25  Ah  and 
discharged  at  C/5  rate  to  3.0  volts.  The  theoretical  capacity  was  7.5  Ah. 

Cell  Navy  T1 

Cell  Navy  T1  was  the  first  fixture  made.  The  cell  was  made  with  a  0.025-inch  shim  as 
the  top  plate.  The  cathode  was  sealed  into  a  separator  pouch,  which  was  sealed  on  all  four  sides. 
This  cell  did  not  cycle  past  the  first  cycle.  The  cell  failed  because  of  shorting.  When  the  cell  was 
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disassembled  it  was  found  that  the  cathode  was  poorly  wetted  with  electrolyte.  Because  the 
porous  polypropylene  and  polyethylene  separators  have  pin-hole  type  pores,  the  separators  do 
not  wick  electrolyte  very  well.  The  areas  that  were  wetted  had  a  much  higher  current  density 
than  was  expected.  The  areas  that  did  cycle  had  lithium  plating  conditions  favorable  for  dendrite 
formation.  This  showed  that  the  electrolyte  had  wicked  poorly  in  the  separators  and  did  not 
make  it  through  the  separator  under  the  filling  conditions.  The  easiest  fix  proposed  for  this 
problem  was  to  leave  at  least  one  side  of  the  pouch  unsealed  in  order  to  allow  the  electrolyte  free 
access  to  the  positive  plate. 

Cell  Navy  T2 

Cell  Navy  T2  and  T3  were  made  on  the  same  day.  The  same  shim  stock  (0.025-inch 
thick  material)  was  used  for  the  top  of  both  fixtures.  Table  2.3  shows  stack  height  (h) 
measurements.  All  data  shown  in  this  table  are  Ah  measurements  in  inches  relative  to  the  (fixed) 
comers,  points  1  and  2  in  Table  2.3.  Before  tightening  the  center  screw  on  the  arm,  the  center 
(point  3  in  Table  2.3)  was  0.066  inches  higher  than  the  comers.  The  screws  were  tightened  so 
that  the  Ah  at  the  center  (point  3  in  Table  2.3)  was  0.000  inches.  After  filling  the  cell  with 
electrolyte,  the  cell  bulged  about  half  way  between  the  center  arid  edge  (points  4  and  5  in  Table 
2.3).  After  forming  the  cell  (the  first  two  cycles),  gas  pressure  in  the  cell  was  released  and  the 
same  points  were  measured  again.  Though  points  4  and  5  were  higher  than  the  comers,  they 
were  not  as  bulged  as  when  the  cell  was  uncycled.  The  same  points  grew  by  a  factor  of  2.74 
after  67  cycles  (compare  the  last  four  columns  of  Table  2.3).  The  cell  cycling  data  are  shown  in 
Figures  2.26  and  2.27.  After  having  an  initial  capacity  of  7. 1  Ah  (Figure  2.26),  the  capacity 
dropped  off  to  an  average  of  5.5  Ah  after  the  fifth  cycle.  The  average  voltage  for  both  the  charge 
and  discharge  half  cycles  did  not  vary  much  from  their  initial  values  (Figure  2.27).  This  cell 
cycled  46  times  before  shorting. 

Cell  Navy  T3 

This  fixture  was  made  to  the  same  specifications  as  Cell  Navy  T2.  The  deflections  (Ah) 
were  measured  as  described  above.  Again,  without  the  center  screw,  the  center  point  of  the 
fixture  was  deflected  0.057  inches  above  the  comers.  When  the  center  screw,  which  simulated  a 
central  rivet,  was  screwed  down  so  the  central  point  had  0.000-inch  deflection,  points  5  and  6  in 
Table  2.3  each  had  a  significant  Ah.  On  filling  the  cell  with  electrolyte,  points  5  and  6  in  Table 
2.3  bulged  to  0.040  inches  and  0.054  inches,  respectively.  When  the  pressure  was  released  after 
cycle  two,  the  bulge  decreased  to  0.021  inches  for  both  points.  After  80  cycles  these  two  points 
bulged  over  0.07  inches  (Table  2.3).  Again,  the  growth  of  the  stack  during  cycling  is  indicative 
of  the  design  problems  inherent  in  a  prismatic  cell.  When  the  cell  was  disassembled  and  the  gas 
was  released,  the  stack  thickness  was  the  same  thickness  as  the  sum  of  the  electrode  thicknesses. 
This  showed  that  the  growth  of  the  lithium  electrode  thickness  with  cycling  was  in  large  part 
responsible  for  the  observed  stack  deflections. 

Cell  Navy  T3  was  cycled  at  both  room  temperature  and  at  -2®C.  The  overall  discharge 
capacity  versus  cycle  number  is  shown  in  Figure  2.28.  At  cycle  25,  the  cell  was  removed  from 
ambient  temperature  and  placed  in  a  -2°C  chamber  for  three  cycles.  Voltage-time  profiles  for  the 
discharge  of  cycles  25  and  26  are  shown  in  Figures  2.29  and  2.30,  respectively.  The  voltage 
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drop  at  the  end  of  the  discharge  in  Figure  2.30  is  not  as  sharp  as  that  in  Figure  2.29.  The  cell 
capacity  and  average  voltage  (E^y)  were  also  lower  at  the  lower  temperature.  Over  the  three 

cycles  at  -2®C,  the  capacity  decreased  from  7.61  Ah  at  room  temperature  to  6.23  Ah  for  cycle  28. 
After  cycle  28,  the  cell  was  returned  to  room  temperature.  The  observed  rapid  capacity  decline 
was  a  result  of  the  loss  of  electrol3de.  Because  the  different  materials  thermally  expand  and 
contract  at  different  rates,  the  electrolyte  leaked  out  of  the  seal  between  the  shim  stock  and  base 
through  the  polyethylene  gasket.  When  the  cell  was  refilled  with  electrolyte  at  cycle  30,  the 
capacity  of  the  cell  returned  to  the  levels  it  had  before  being  exposed  to  -2°C.  The  lack  of 
electrolyte  is  also  shown  by  the  increase  in  the  difference  between  the  charge  E^y  and  the 
discharge  E^y,  as  shown  in  Figure  2.31,  suggesting  a  large  impedance  since  all  charges  and 
discharges  were  at  the  same  rate. 

Cell  Navy  T4 

Cell  Navy  T4  was  constructed  similarly  to  Cell  Navy  T2  and  Cell  Navy  T3,  with  the 
exception  that  the  shim  stock  top  used  to  cap  this  cell  was  0.030-inches  thick.  As  indicated  in 
Table  2.3,  the  deflection  of  the  central  point,  unsupported,  was  significantly  lower  than  those  for 
Cells  Navy  T2  and  Navy  T3.  As  a  test,  the  central  screw  was  tightened  down  to  compress  the 
central  points  with  a  0.020-inches  inward  deflection.  Points  5  and  6  (Table  2.3)  showed  the 
same  degree  of  bulging  as  in  the  previous  two  cells,  both  after  filling  and  after  pressure  release 
after  cycle  2.  The  cell  shorted  soon  after  cycle  2  and  was  then  disassembled.  It  was  found  that 
the  dendrites  were  such  that  they  grew  through  the  separator  layers  and  shorted  out  the  cell.  The 
dendrites  were  so  well  embedded  in  the  separator  that  pieces  of  lithium  came  off  of  the  copper 
mesh  still  stuck  to  the  separator.  The  center  of  the  stack  also  bore  the  mark  of  the  central  screw. 
The  screw  pushed  into  the  stack  with  such  pressure  that  the  cathode  material  was  imbedded  into 
the  separators.  The  dendrites  formed  a  halo  around  the  center  push  mark  with  a  region  of 
unwetted  cathode  between.  While  little  can  be  concluded  from  the  shim  thickness  results,  it  is 
clear  that  a  central  rivet  needs  to  be  able  to  hold  the  stack  together  without  compressing  it  too 
much. 


Results 

The  lesson  learned  from  the  above  studies  was  that  the  design  of  the  final  battery 
hardware  must  account  for  the  deflections  of  the  cell  stacks.  No  matter  how  the  cell  is 
constructed,  there  will  be  some  bulging  of  the  electrodes.  The  key  is  to  be  able  to  contain  the 
growth  of  the  electrodes  within  a  fixed  volume  as  happens  in  a  cylindrical  cell  design.  Table  2.4 
shows  some  calculations  made  on  the  pressures  exerted  in  the  cell  that  cause  the  bulging  of  the 
sides  of  the  cell  container.  Based  on  the  results  of  Cells  Navy  T2  and  Navy  T3  in  Table  2.3,  the 
electrodes  exert  250  pounds  per  square  inch,  gage  (psig)  of  pressure  on  the  cell  walls.  In  order  to 
minimize  the  deflection  in  the  container  sides,  0.080  inch  thick  304  stainless  steel  would  be 
needed.  Because  of  the  weight  penalty  and  the  difficulty  of  forming  a  case  with  that  thickness,  it 
was  decided  to  stay  with  the  0.035-inch  thickness  and  three  rivets.  The  key  is  to  balance  the 
need  for  dimensional  integrity  with  the  need  to  keep  the  weight  of  the  cell  down. 
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Figure  2.2  Can 
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100  Ah  LiCoPg 


Figure  2.3  Top  Cover 
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100  Ah  LiCoPg 
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RIVET 

MATERIAL  304  STAINLESS  STEEL 
(MACHINE  SCREW  POINT) 
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Figure  2.4  Rivet  and  Rivet  Insulator 
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Figure  2.7  Photograph  of  Ribbed  Cover  with  Crack 
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Figure  2.8  Cell  Assembly 
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Figure  2.11  Top 
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MATERIAL:  NICKEL  <Sc  BRASS  NUT  BRAZED  ASSY 
NICKEL:  .010-.012"  THICK 
NUT:  1/4-28 


Figure  2. 12  External  Terminal  Bracket 


POSITIVE  -  ALUMINUM:  .010-. 01 2”  THICK 
NEGATIVE  -  NICKEL:  .010-. 01 2”  THICK 


.31 


1.00 


Figure  2.13  Internal  Terminal  Bracket 
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1.  TABBED  CATHODE  ASSY. 

2.  K-869  (Sc  2400  SEPARATOR  (K-869  FIRST) 
FOLDED  OVER  CATHODE. 

3.  SEPARATOR  EDGES  -  HEAT  SEALED. 

4.  SEPARATOR  CENTER  HOLE  -  HEAT  SEALED.* 

5.  ASSY  TRIMMED  TO  SIZE. 


Figure  2.15  Positive/Separator  Assembly 


‘  Wlien  center  hole  design  \'ariation  is  used. 
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Figure  2. 17  Electrode  Stack 
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Figure  2.18  Test  Fixture  Base 
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Figure  2.19  Fill  Port  for  Electrolyte  Filling 
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Figure  2.22  Tabbed  Positive  Assembly 
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Figure  2.23  Tabbed  Negative  Assembly 
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Figure  2.24  Separator/Tabbed  Positive  Assembly 
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Figure  2.25  Holder  Frame 
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ROOM  TEMPERATURE 
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CYCLE 

Figure  2.26  Capacity  (Ah)  versus  Cycle  Number  for  Cell  Navy  T2  Test 
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CYCLE 

Figure  2.27  Average  Voltage  versus  Cycle  Number  for  Cell  Navy  T2  Test 


CYCLE 

Figure  2.28  Capacity  (Ah)  versus  Cycle  Number  for  Cell  Navy  T3  Test 


NAVY  T  #3  Discharge  Voltage  VS  Time  @  23  C. 

Discharge  Capacity  7.61  Ah.  Average  Discharge  Voltage  3.875  Volts. 
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snoA 


2-32 


Figure  2.29  Voltage  versus  Time  in  Test  for  Discharge  of  Cycle  Number  25  for  Cell 
Navy  T3 


VY  T  #3  Discharge  Voltage  VS  Time  @  -2  C 
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Figure  2.30  Voltage  versus  Time  in  Test  for  Discharge  of  Cycle  Number  26  for  Cell 
Navy  T3 


CHARGE 
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Figure  2.31  Average  Voltage  versus  Cycle  Number  for  Cell  Navy  T3  Test 
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Table  2.1  Comparison  of  Performance  of  Proposed  Li/LixCoOa  with  Present  Ag/Zn  Battery 


Chemistry: 

LiCoOa/Li 

Output: 

128  VDC/100  amp 

Capacity: 

600  amp  hours  (Ah) 

Temperature: 

-2C  to  +35C 

Cycle  regime: 

charge  10  hr,  discharge  6  hr 

Cycles: 

50  minimum 

Weight: 

776  lbs  352  Kg 

Dimensions: 

7.88  in  X  27.50  in  x  59.00  in 

20  cm  X  70  cm  X  150 

1  cm 

Volume: 

210  liters  (L) 

System  Comoarison 

Ag/Zn 

LiCoO? 

Cell  weight  (lb) 

9.46 

5.94 

Cell  volume  (L) 

1.9 

1.2 

Cell  load  voltage  (V) 

1.5 

3.9 

Cell  capacity  (Ah) 

320 

150 

Cell  energy  (Wh) 

480 

585 

Gravimetric  energy  density  Wh/lb) 

50 

100 

(Wh/Kg) 

112 

222 

Battery  capacity  (Ah) 

320 

600 

Battery  Use  Range  (hr) 

(at  60  amp  load) 

5.3 

10 

Battery  cycle  life 

20-30 

50-60 

Battery  cells  arrangement 

80  in  series 

128, 4  in  parallel  (module) 

32  modules  in  series 
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Table  2.2  Proposed  Navy  SDV  140  Ah  Cell  Design 
LiCo02/U  Prismatic  “Riveted" 

Dimensions 


1 .75  in.  X  5.80  in.  7.25  in. 

44.4  mm  x  147.3  mm  x  184.1  mm 


Volume 

Weight 


1 .2  liter 
6.6  lb 


Replaces  Ag/Zn 

Electrode  dimensions: 


3000  gms. 


5.25  in.  X  6.12  in. 
133.3  mm  x  155.4  mm 


Total  of  57  Negatives  and  56  Positives 

Negatives:  lithium  on  copper  grid 

Positives:  LiCo02  on  aluminum  grid 

Separator:  Celgard  (polypropylene)  one 

Celgard  (polyethylene)  two 


Electrolyte:  1 .2M  LiAsFe  PC/EC/D MC  (1:1:2) 

Hardware:  302  SS.  Three  rivets  through. 

Expected  Performances  under  C/1 1  Charge  and  C/7  Discharge 


Voltage  (V)  3.8 

Ampere  Hours  142 

Energy  540  Wh 

Volumetric  energy  density  450  Wh/L 

Gravimetric  energy  density  82  Wh/lb 

180  Wh/Kg 


*  Includes  wall  thickness,  approximately  0.04  inches. 
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Table  2.3  Fiat  Plate  Deflection  Study 
TEST  FIXTURE  -  SINGLE  RIVET 

Dry  stack  After  electrolyte  After  2  cycles  #2  After  67  cycles 


fill 

(pressure  release) 

#3  After  80  cycles 

Center 

T  Middle  points 

Middle  points 

1  Middle  points 

Sample  # 

Shim  stock 
Mat'l  thick. 

Without  With 
Rivet  Rivet 

NAVYT2 

(.025") 

.  0.066  .000 

0.035 

0.034 

0.025 

0.026 

0.0685 

0.066 

NAVYT3 

(.025") 

0.057  .000 

0.040 

0.054 

0.025 

0.022 

0.076 

0.078 

NAVYT4 

(.030") 

0.03  -  .020 

0.031 

0.036 

0.021 

0.021 

1 .80  after  the  2nd  cycle.  1 .91  at  the  end  of  cycling. 


Plate  material  thickness  0.025  inches. 

With  a  single  rivet  or  support  the  estimated  overall  cell  stack  hight  would  be 
increased  by  0.050  inches  after  the  two  formation  cycles. 

It  could  be  increased  by  0.160  inches  through  the  cycling  life  of  the  battery. 
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Table  2.4  Deflection  of  a  Flat  Plate  for  a  Given  Area  and  Pressure 
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SupportecJ  ecJges.  a 

Formula  cJ=  0.1422  x  W/E  x  t  x  (Lyi3+2.21/L2) 
t  =  .04  .1422x300/30/64  =  0.02222 

t  =  .06  .1422x300/30/343=  0.00415 

t  =  .08  .1422x300/30/512=  0.00278 
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Chapter  3 

Development  of  the  100  Ah  Li/LixCoOj  Cell 

A  series  of  tests  evaluated  different  design  elements  considered  for  the  ultimate  100  Ah 
cell.  Most  of  these  tests  were  conducted  using  fixtures  for  the  cell  cases.  A  common  element 
was  the  electrolyte  composition  which  was  the  1.2  A/LiAsFe  in  EC/PC/DMC  (1:1:2),  mentioned 
previously.  Design  features  which  were  varied  for  testing  included  the  number  of  rivets  for 
deflection  control,  the  effect  on  electrolyte  distribution  due  to  holes  (for  rivets)  in  the  plates,  the 
number  of  separators,  electrode  spacing,  and  the  electrolyte  filling  technique.  The  variation  in 
cathode  performance  as  a  function  of  production  lot  of  LiCoOa  was  also  evaluated. 


Cell  Navy  T5 

It  was  determined  that  in  order  to  control  the  swelling  of  the  plates,  the  final  cell  would 
need  at  least  one  rivet  to  tie  the  two  large  planar  faces  of  the  can  together.  This  cell  was  put 
together  using  another  fixture  base  as  the  cell  top.  This  is  like  using  a  0.157-inch  shim  (See 
Chapter  2).  The  cell  was  filled  with  27  cc  of  electrolyte  using  a  back  pressure  of  60  psig  of 
carbon  dioxide  (CO2). 

The  cell  was  put  on  test  for  two  formation  cycles  at  23°C.  At  the  fifth  cycle,  the  charge 
capacity  was  7.75  Ah  and  the  discharge  capacity  was  7.43  Ah.  The  cycling  data  for  the  cell 
(Figure  3.1)  show  that  the  discharge  capacity  remained  relatively  constant  over  36  cycles  even 
though  the  cell  leaked  some  electrolyte  at  the  sixth  cycle.  After  the  sixth  cycle  there  was  a  high 
voltage  during  charging  because  of  the  high  impedance  caused  by  the  electrolyte  starvation. 
Because  of  the  leakage  problem,  the  fixtures  were  modified  to  include  an  0-ring  seal  in  place  of 
the  polyethylene  gasket. 


Cell  Navy  T6 

In  order  to  determine,  if  the  0-ring  seal  design  would  prevent  electrolyte  leakage,  some 
tests  were  run  (Table  3. 1)  using  both  0.025-inch  shim  top  plate  with  three  rivets  and  0.050-inch 
shim  top  plate  with  one  rivet  at  various  pressures  (10,  20,  30  psig).  The  plate  was  supported  at 
one  and  three  points  and  the  amount  of  deflection  was  measured.  Since  there  was  not  much 
difference  in  deflection  between  the  two  plates,  this  cell  had  three  rivets  and  a  0.025-inch  shim  top 
plate.  It  was  filled  with  28  cc  of  electrolyte  with  a  back  pressure  of  10  psig  for  8  hours  in  order  to 
force  the  electrolyte  to  fill  the  plates.  Before  charging,  the  pressure  was  then  reduced  to  7  psig  to 
maintain  some  pressure  to  force  the  electrolyte  into  the  plates,  and  the  cell  was  cycled  twice  at 
ambient  temperature.  The  cell  was  vented  before  being  cycled  at  -2°C. 
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After  the  fortieth  cycle  (Figure  3.2),  the  fixture  was  opened.  Some  electrol3^e  had  leaked 
at  the  bottom  of  the  cell,  but  there  was  good  absorption  of  the  electrolyte  by  the  cathode  under 
the  separator  bag.  Where  the  separator  bag  had  wrinkles,  there  was  still  a  fresh  lithium  surface 
indicating  that  there  had  been  no  reaction.  The  deflection  between  the  rivets  and  the  edges  of  the 
cell  was  0.066  to  0.067  inches.  This  indicated  that  the  thickness  of  the  anode  had  increased  from 
0.004  to  0.020  inches  The  fading  at  cycle  25  was  typical  for  cells  cycled  at  the  low  temperature. 
The  growth  of  the  anode  disturbed  the  insulation. 


Cell  Navy  T7 

This  cell  had  two  rivets  and  a  0.025-inch  thick  shim  end  plate  to  see  if  two  rivets  would  be 
sufficient.  The  cell  was  cycled  at  23°C.  At  the  second  cycle  the  charge  capacity  was  7.562  Ah 
and  the  discharge  capacity  was  6.448  Ah.  The  cell  shorted  at  the  third  cycle.  When  the  cell  was 
opened,  there  were  black  spots  on  the  positive  plate  through  the  separator  indicating  the 
possibility  of  dendritic  growth,  which  could  have  been  caused  by  high  spots  on  the  cathode.  The 
tape  over  the  positive  tab  was  melted  indicating  that  the  tape  was  not  attached  properly. 


Cell  Navy  T8 

This  cell  lost  vacuum  during  filling.  Because  of  insufficient  electrolyte,  the  cell  would  not 
charge.  When  the  cell  was  opened,  there  was  a  buildup  of  material  on  the  glass-to-metal-seal. 
One  observation  was  that  the  charge  imbalance  in  the  first  two  cycles  was  larger  than  previously 
observed.  There  was  8  to  12  percent  more  capacity  in  the  charge  relative  to  the  discharge  half 
cycle.  Previously,  2  to  4  percent  more  charge  capacity  than  discharge  capacity  was  observed  in 
the  first  few  cycles.  This  imbalance  started  with  the  use  of  a  new  lot  of  LiCoOafrom  FMC.  Even 
after  forming  the  cells,  there  was  4  percent  more  charge  capacity  than  discharge  capacity.  If  the 
cause  of  this  cycling  inefficiency  was  short  circuits  caused  by  dendritic  lithium  (so  called  “soft 
shorts”),  then  the  addition  of  an  extra  layer  of  polypropylene  separator  should  help.  For  that 
reason.  Cell  Navy  T9  was  made  with  the  extra  separator. 


Cells  Navy  T9  and  TIO 

Cells  were  built  with  the  plates  cut  to  the  dimensions  and  configuration  anticipated  for  the 
final  100  Ah  cell  (See  Figures  3.3  and  3.4).  A  cell  was  built  that  was  nominally  7.7  Ah  cell 
(labeled  as  Cell  Navy  T9)  and  a  nominal  35.8  Ah  cell  (labeled  as  Cell  Navy  TIO).  Both  positive 
and  negative  plates  were  die  cut  to  give  reproducible  dimensions.  The  positive  plate  was  based 
on  our  standard  paste  on  expanded  aluminum  grid  and  the  negative  was  a  0.004  inch  lithium  metal 
foil  on  one  side  of  an  expanded  copper  grid  current  collector.  Figures  3.3  and  3.4  show  the  plate 
design  for  the  negative  and  positive  plates.  The  figures  show  the  position  of  the  rivet  holes.  Both 
Cells  Navy  T9  and  Navy  TIO  were  constructed  without  rivets.  Therefore,  these  holes  were  not 
cut.  These  cells  were  put  on  test  for  two  formation  cycles  at  23  °C  followed  by  cycling  at  -2°C. 
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Cell  Navy  T9 

This  cell  was  constructed  from  three  positive  plates  (5.25”  x  6.12”  x  0.0165”)  and  four 
negative  plates  (5.63”  x  6.5”  x  0.0045”).  The  positive  plates  were  inserted  into  a  sack 
constructed  from  three  layers  of  separator  on  each  side.  The  layout  for  the  sack  is  shown  in 
Figure  3.5.  The  outer  layer  of  each  wall  of  the  sack  was  Celgard  2400  polypropylene  separator 
and  the  two  inner  layers  were  of  Celgard  K-869  polyethylene  separator.  Two  sets  of  these  three 
layer  assemblies  were  heat  sealed  together  around  three  sides,  as  shown  in  Figure  3.5,  so  that  the 
Celgard  K-869  is  next  to  the  positive  plates  and  the  Celgard  2400  separator  is  next  to  the 
negative. 

The  first  two  cycles  for  formation  were  at  23  °C  under  constant  current  conditions.  The 
cells  were  charged  at  C/17  rate  (0.43  A)  to  a  4.2  V  upper  voltage  limit  and  discharged  at  C/17 
(0.43  A)  to  a  3.0  V  lower  voltage  limit.  After  the  second  cycle,  the  cell  yielded  a  charge  capacity 
of  7.063  Ah  (0.133  Ah/g  vs.  0.140  Ah/g  theoretical  based  on  LiCo02  in  the  cell)  and  a  discharge 
capacity  of  7.013  Ah  (0.132  Ah/g  based  on  LiCo02  in  the  cell).  The  cell  was  cycled  for  two  more 
cycles  at  23  °C  with  a  charge  rate  of  0.63  A  (C/11.5)  to  4.3  V  and  a  discharge  rate  of  1.54  A 
(C/5)  to  3.0  V.  After  two  cycles  under  these  conditions,  the  observed  charge  capacity  was  7.500 
Ah  (0.141  Ah/g  based  on  LiCo02  in  the  cell)  and  a  discharge  capacity  of  7.453  Ah  (0.140  Ah/g 
based  on  LiCo02  in  the  cell).  At  this  point,  the  cell  was  placed  in  a  chamber  at  -2°C. 

The  cell  was  cycled  using  the  same  currents  for  both  charge  and  discharge  as  in  the  last 
two  cycles  at  23“C.  However,  the  charge  half  cycle  was  limited  to  either  a  4.35  V  endpoint  or  7.5 
Ah,  whichever  came  first.  The  higher  upper  voltage  limit  at  -2  °C  was  chosen  to  compensate  for 
over-voltages  caused  by  the  lowered  reactivity  of  the  cell  at  lower  temperatures.  The  discharge 
limits  were  unchanged  (see  above).  The  capacity  (Ah)  versus  cycle  number  data  of  this  cell  are 
presented  in  Figure  3.6.  The  cell  cycled  well  up  to  the  fifth  cycle  at  -2°C.  At  this  cycle,  the  cell 
showed  an  over-voltage  when  the  charge  half  cycle  was  initiated.  The  voltage  jumped  up  and 
then  returned  to  a  normal  charge  profile.  There  was  a  difference  in  the  overvoltage  starting  with 
the  thirteenth  cycle.  This  over-vpltage  increased  as  the  test  progressed.  The  charge  step  was  cut 
offby  the  7.5  Ah  cycling  limit  up  to  cycle  12,  after  which  the  cell  reached  the  4.35  V  upper 
voltage  limit  well  before  the  cell  reached  the  capacity  cycling  limit.  As  indicated  in  Figure  3.7,  the 
capacity  for  cycle  13  was  7.325  Ah. 

The  swelling  of  the  stack  was  quite  noticeable.  At  cycle  23,  the  deflection  in  the 
unsupported  regions  of  the  stack  were  observed  to  be  on  the  order  of  0.04  inches.  As  a 
hypothesis,  it  was  assumed  that  the  swelling  of  the  stack  had  caused  the  cell  to  become  electrolyte 
starved.  The  cell  was  stopped  at  cycle  23  and  20  cc.of  electrolyte  were  added  (the  cell  was 
initially  filled  with  27  cc.of  electrolyte).  The  addition  of  the  extra  electrolyte  helped  the  cell 
recover  capacity  along  with  the  disappearance  of  the  over-voltage  when  the  cell  started  in  its 
charge  half  cycle.  The  cell  quickly  lost  capacity  and  was  allowed  to  cycle  in  this  low  capacity 
condition  for  a  total  of  80  cycles. 

The  cell  was  disassembled  and  the  electrode  plates  were  measured.  The  results  of  the 
thickness  measurements  are  presented  in  Table  3.2.  The  data  show  that  the  overall  stack  growth 
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was  0.074  inches.  This  number  was  in  good  agreement  with  the  0.068-  to  0.073-inch  growth 
measurements  made  before  disassembly.  The  majority  of  the  increase  in  stack  height  was  the 
result  of  the  increase  in  thickness  of  the  anode.  The  anode  also  had  little  electrolyte.  All  of  the 
remaining  electrolyte  in  the  cell  was  found  in  the  separators  and  cathodes  (positive  plates).  Thus 
it  seems  that  the  cell  developed  a  high  impedance  due  to  electrolyte  starvation  at  the  anode.  The 
anode  was  covered  with  a  mossy  lithium  layer  which  must  have  been  the  result  of  charging  a 
lithium  electrode  at  low  temperatures.  Only  the  lithium  directly  against  the  separator  was  in 
contact  with  any  electrolyte.  There  were  several  places  where  a  wrinkle  in  the  separator  caused  a 
dry  spot  on  both  the  cathode  and  anode  adjacent  to  the  wrinkle. 

Cell  Navy  TIO 

Cell  Navy  TIO  was  a  nominally  32  Ah  cell  built  similar  to  cell  Navy  T9.  The  electrode 
assemblies  were  as  described  in  Figures  3.3  through  3.5  using  14  positive  and  15  negative  plates. 
The  cell  was  assembled  using  the  external  support  arm  shown  in  Figure  2.21.  The  cells  were 
formed  by  charging  at  C/17  rate  (2.03  A)  to  a  4.2  V  upper  voltage  limit  and  discharging  at  C/17 
(2.03  A)  to  a  3.0  V  lower  voltage  limit.  The  second  charge  capacity  was  33.199  Ah  (0.129  Ah/g 
LiCoOa)  and  the  second  discharge  capacity  was  32.141  (0.125  Ah/g  LiCo02).  The  cell  was  then 
cycled  at  -2°C  (Figure  3.8)  The  cell  was  charged  at  C/10  rate  (3.02  A)  to  either  a  4.35  V  upper 
voltage  limit  or  a  32  Ah  capacity  limit.  The  cells  were  discharged  at  C/6  rate  (4.99  A)  to  a  3.0  V 
lower  voltage  limit.  After  cycle  17,  the  cell  reached  the  4.3  V  cutoff  before  it  reached  the  32  Ah 
endpoint.  The  data  show  that  after  cycle  22  the  cell  quickly  deteriorated  in  terms  of  performance. 
The  hysteresis  in  average  charge  and  discharge  voltages  increased,  indicating  an  increase  in  cell 
impedance,  and  the  capacity  declined.  By  cycle  30,  the  discharge  capacity  was  only  23.45  Ah. 

The  cell  was  placed  at  room  temperature  (23  °C)  at  cycle  31  to  see  if  it  would  recover.  A 
comparison  of  voltage-time  profiles  for  cycles  30  and  31  are  given  in  Figure  3.9.  As  shown,  the 
capacity  of  the  cell  continued  to  decline.  In  the  first  20  cycles  at  23  °C,  the  capacity  dropped  to 
10  Ah,  and  the  cell  ended  its  test  at  9  Ah  at  cycle  60,  Clearly,  the  deterioration  that  started  at 
cycle  22,  at  -2°C,  continued  at  23°C. 

In  general,  we  can  ascribe  the  observed  performance  of  both  Navy  T9  and  Navy  TIO  to 
low  temperature  cycling.  In  order  to  determine  if  the  performance  of  the  two  cells  was  affected 
solely  by  the  temperature,  or  limited  by  the  cell  chemistry,  or  other  factors,  three  4/5  A  cylindrical 
cells  were  built  using  Lot  #104  of  the  FMC  LiCo02  which  was  the  same  lot  of  material  used  in 
Cells  Navy  T9  and  TIO.  These  cells  had  the  typical  capacity  decline  after  17  or  18  cycles  (Figure 
3.10).  A  third  cell,  C473,  was  discharged  at  -2°C,  starting  with  the  fourteenth  cycle,  the  capacity 
decreased,  but  the  slope  of  the  discharge  curve  was  similar  to  Cells  C468  and  C469  which 
continued  to  be  discharged  at  23‘’C. 

In  the  cylindrical  design,  the  hardware  does  not  allow  the  negative  plates  to  increase  in 
thickness  once  the  radial  equilibrium  between  the  electrode  expansion  and  the  can  is  reached. 

This  is  not  the  case  with  a  prismatic  enclosure  where  any  flat  surface  will  have  the  tendency  to 
conform  to  a  more  stable  circular  profile  as  the  internal  electrode  expansion  forces  progress. 
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Therefore,  the  performance  of  the  Cells  Navy  T9  and  Navy  TIO  was  affected  more  by  the 
expansion  of  the  negative  electrodes  at  the  low  temperature  than  by  the  electrochemistry. 

Better  methods  for  filling  the  cells  with  electrolyte  were  investigated.  The  filling  of 
cylindrical  cells  is  simplified  by  the  ability  of  these  cells  to  withstand  higher  pressures.  Thus 
electrolyte  can  be  forced  into  the  separator  and  cathode  pores.  Prismatic  cells  cannot  withstand 
such  pressures,  so  alternative  filling  methods  are  needed.  In  order  to  fill  the  cell  with  electrolyte 
under  pressure,  the  expansion  of  the  cell  was  controlled  by  clamping  it  in  a  fixture  composed  of 
heavy  plates  bolted  against  the  large  faces  of  the  can.  (Further  discussed  in  Chapter  4.)  The  cell 
was  evacuated  and  flushed  several  times  under  pressure  with  a  mixture  of  the  solvents  that  are 
used  for  the  electrolyte  and  carbon  dioxide  in  order  to  remove  the  oxygen.  The  cell  was  filled 
with  electrolyte  under  pressure.  After  the  formation  cycles,  the  pressure  was  released  and  the 
cell  was  removed  from  the  clamping  fixture. 


Cells  Navy  Til,  Navy  T1 2,  and  Navy  T1 3 

These  were  the  first  cells  built  with  plates  that  had  holes  for  the  rivets  (Figures  3.3  through 
3.5).  Cells  Navy  T1 1  and  Navy  T12  were  damaged  during  assembly.  These  cells  had  0.025-inch 
thick  shim  end  plates.  Cell  Navy  T13  was  filled  with  20  cc  of  electrolyte  at  10  psig  of  pressure. 
The  cell  was  cycled  for  33  cycles  (Figure  3.11),  after  which  the  cell  was  opened.  The  glass-to- 
metal  seal  for  the  positive  terminal  was  cracked  and  showed  some  corrosion.  This  could  have  led 
to  electrical  shunting  across  the  seal.  No  gas  or  liquid  was  expelled.  The  positive  plates  were 
flexible  and  evenly  discharged.  One  positive  plate  had  one  small  black  dot.  The  opposite  negative 
plate  was  evenly  discharged.  The  edges  around  the  holes  for  the  rivets  showed  fresh  lithium 
which  indicated  that  there  was  good  spacing  between  the  positives  and  the  negatives.  The 
thickness  of  the  negative  plates  at  the  center  of  the  plates  (between  rivets)  was  0.020-to  0.022- 
inches  and  0.012-inches  for  the  end  plates. 

The  following  observations  can  be  made:  (1)  having  holes  in  the  center  of  the  plates 
improves  the  distribution  of  the  electrolyte  in  the  center,  and  (2)  the  anode  will  increase  in 
thickness  wherever  space  is  available. 


Cell  Navy  T14 

Cell  Navy  T14  was  built  to  test  out  the  hardware  for  the  final  cell  construction.  This  cell 
consisted  of  ten  separator/positive  plate  sandwiches  with  holes  punched  for  accepting  rivets  and 
1 1  negative  plates  similarly  perforated  for  rivets.  The  remaining  volume  in  the  cell  can  was  taken 
up  by  polyethylene  blocks  of  the  appropriate  dimension.  The  cell  was  built  and  closed  like  the 
final  cell  would  be  except  for  the  presence  of  the  polyethylene  blocks.  The  cell  was  filled  with 
electrolyte  at  8  psig  and  this  pressure  was  released  after  the  first  discharge  because  it  was  thought 
that  it  was  not  necessary  to  wait  for  two  cycles. 
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The  capacity  fade  behavior  of  the  cell  is  shown  in  Figure  3.12.  The  capacity  faded 
between  cycles  25  and  30,  which  is  typical  of  cells  made  with  LiCoOi.  However,  the  cell 
recovered  after  cycle  30  and  steadily  increased.  At  cycle  46  the  cell  had  a  capacity  of  22.6  Ah. 
The  performance  was  probably  caused  by  temperature  fluctuation  in  the  fi-eezer.  At  the  time  that 
the  capacity  decreased,  the  average  charge  and  discharge  voltage  decreased.  The  temperature  of 
the  chamber  may  have  fluctuated  by  10  to  12°C. 


Cathode  Material  Performance  -  Lot  Variation 

Cell  capacity  can  decline  from  one  cell  to  another  due  to  the  loss  of  compression  between 
electrodes  or  to  a  deleterious  change  in  raw  materials.  One  of  the  unique  mechanical  properties 
of  a  cylindrical  cell  design  is  the  hoop  stress  which  is  a  force  that  maintains  constant  dimensional 
spacing  between  electrodes  throughout  the  cycle  life  of  the  cell. 

In  order  to  determine  the  effect  of  changing  lots  of  materials,  4/5  A  cylindrical  cells  were 
made  from  different  lots  of  LiCo02  from  FMC.  Table  3.3  shows  that  the  percent  capacity  decline 
of  these  cylindrical  cells  from  the  fourth  to  the  fortieth  cycle  was  much  less  with  Lot  #353  (6.4%) 
and  Lot  #104  (4.5%)  than  with  Lot  #106  (24.3%).  The  difference  in  capacity  may  be  due  to  the 
difference  in  the  specific  surface  area  (m^/gm)  of  the  different  lots.  Using  the  average  cell 
discharge  voltage  as  an  indication  of  the  capacity  decline.  Figure  3.13  shows  that  cells  built  with 
Lot  #104  have  less  capacity  loss  than  cells  built  with  Lot  #106.  This  is  whether  the  cell  is  the 
cylindrical  (C469  and  C485)  or  the  prismatic  (Navy  T13  and  Navy  T14)  design. 
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Figure  3. 1  Capacity  (Ah)  versus  Cycle  Number  for  Cell  Navy  T5 
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Figure  3.3  Tabbed  Negative  Plate 
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6.12  Ref 


5.25  Ref 


Tab  -  0.001  thick  Aluminum  foil 
0.750  wide 

Ultrasonic  welded  to  grid. 

Tab  folded  and  grid  sandwich  between  the 
two  haves  of  the  tab. 

Tape  -  0.50  wide  , to  cover  exposed  grid  and 
tab.  Both  sides. 


Figure  3.4  Tabbed  Positive  Plate 
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Figure  3.8  Capacity  (Ah)  Versus  Cycle  Number  for  Cell  Navy  T1 0  at  -2°C 


NAVY T #10  Cycle #30  @-2  C.  Cycle #31  @+23  C. 

Cycle  #  30  charged  to  4.35  V.  Cycle  #  31  charged  to  4.3  V. 
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Capacity  (Ah)  Decline  Versus  Temperature  for  Cylindrical  Cells 


3. 1 1  Capacity  (Ah)  Versus  Cycle  Number  for  Cell  Navy  T1 3 
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Avge  discharge  voltage  VS  Material  Lot  #  104  &  #106 

Lot#104,  N\/T14  &C485.  Lot  #106.  NVT13  &  C469 
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Figure  3.13  Average  Discharge  Voltage  Versus  Lot  of  LiCo02 


Table  3.1  Deflection  of  the  Top  Plate  as  a  Function  of  Thickness  and  Pressure 
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0.066  0.044  0.044  0.0385 

0.068  0.048  0.047  0.042 

0.071  0.05  0.05  0.043 
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TABLE  3.2  Plate  Swelling  Data  for  Cell  Navy  T9  Prismatic  Cell  After  Failure 


Electrode  and  Position 

Initial  Thickness 
(Inches) 

Final  Thickness 
(Inches) 

A  Thickness 
(Inches) 

Sandwiched  Cathode 

0.0220 

0.0250 

0.0030 

Sandwiched  Cathode 

0.0220 

0.0265 

0.0045 

Sandwiched  Cathode 

0.0220 

0.0260 

0.0040 

Endplate  Anode 

0.0035 

0.0135 

0.0100 

Endplate  Anode 

0.0035 

0.0140 

0.0105 

Sandwiched  Anode 

0.0035 

0.0230 

0.0195 

Sandwiched  Anode 

0.0035 

0.0260 

0.0225 

TOTAL 

0.0740 
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Table  3.3  Material  Evaluation  for  Cylindrical  and  Prismatic  Cells 
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C1  &  C2  Charged  at  0.35  Discharged  at  0.35  mA/cm2  to  3.0  V. 
From  C3  Charged  at  0.52  Discharged  at  1 .2  mA/cm2  to  3.0  V. 
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Chapter  4 

Construction  of  the  Final  Design 

A  photograph  of  the  Navy  SDV  140  Ah  test  cell  is  shown  in  Figure  4.1  and  is  described 
in  Table  2.2.  The  electrodes  and  separators  were  assembled  on  the  End  Plate  and  Rivet 
Assembly  Fixtures  (Figure  4.2).  They  were  then  inserted  into  the  can  after  the  cell  tabs  were 
attached  to  the  feedthroughs  on  the  cover.  While  in  a  fixture,  the  cover  was  TIG  welded  to  the 
case.  A  0.062-inch  diameter  rod  was  inserted  into  the  rivet  holes  in  the  case  and  TIG  welded  to 
the  can  (as  shown  in  Figure  4.3)  while  confined  inside  the  electrolyte  fill  and  formation  fixture 
(Figure  4.4).  In  order  to  remove  oxygen  from  the  cell,  the  cell  was  evacuated  and  filled  several 
times  with  a  mixture  of  COi  and  vapor  of  the  solvent  (PC/EC/DMC)  used  in  the  electrolyte.  The 
cell  was  then  evacuated  and  filled  with  a  pre-measured  amount  of  electrolyte  at  8  psig  (the 
pressure  was  released  after  the  first  discharge).  After  the  cell  formation  cycle,  the  fill  tube  was 
crimped  (by  pinching),  resistance  welded,  and  trimmed.  The  filled  cell  was  kept  for  a  minimum 
of  72  hours  at  23®C  prior  to  electrical  testing. 

The  cell  was  designed  with  a  low-pressure  vent  system  for  the  release  of  gaseous  products 
resulting  from  thermally  and/or  electrically  abusive  conditions  if  the  internal  pressure  became  too 
high.  The  vent  was  set  up  to  open  at  125  to  150  psig. 
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Figure  4.1  Photograph  of  Navy  SDV  140  Ah  Test  Cell 
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NOTE: 

1.  REMOVE  ALL  BURRS  AND  SHARP  EDGES. 

2.  RIVETS  TO  BE  PERPENDICUU^R  TO  PUTE  WITHIN  1~2‘ 

3.  TOLERANCES  3  DECIMALS  .005 

4.  TOLERANCES  2  DECIMALS  ±  .015 


3  TIG  WELDS 
3  PL. 


Figure  4.2  End  Plate  and  Rivets  Assembly 
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NOTE: 

1.  all  weld  joints  must  be  hermetic  seal 


Figure  4.3  Can/Rivet  Tie  Rod  Assembly 
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Figure  4.4  Photograph  of  Cell  on  Test  Inside  of  the  Electrolyte  Fill  and  Formation 

Fixture 
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Chapter  5 

Performance  of  the  Final  Design 

This  chapter  describes  the  test  results  on  the  final  design  for  cells  using  metallic  lithium 
anodes.  The  test  results  demonstrated  that  a  considerable  force  is  developed  perpendicular  to  the 
plates  as  a  result  of  plate  swelling  during  cycling  and  that  the  restraining  rivets  were 
underdesigned  for  that  force.  Table  5.1  is  a  summary  of  the  test  results  on  Cells  Navy  T15,  Navy 
T18,  and  Navy  T19. 


Cell  Navy  T15 

Figure  5.1  shows  the  capacity  of  Cell  Navy  T 15  as  a  function  of  the  number  of  cycles. 
Figure  5.2  shows  the  charge  and  discharge  voltage.  The  cell  was  charged  to  150  Ah.  Some  soft 
shorting  occurred  during  the  first  1 1  cycles.  From  cycle  12  to  40  it  delivered  a  capacity  that 
averaged  141  Ah  with  a  high  of  145  Ah  at  cycle  17.  From  cycle  41  to  51  the  capacity  declined 
from  139  Ah  to  130.5  Ah.  At  cycle  17  the  test  equipment  failed  (lost  power  supply).  When  the 
cell  was  examined,  it  was  observed  that  two  of  the  three  rivets  had  broken,  which  allowed  some 
of  the  electrolyte  to  leak.  Eight  grams  of  electrolyte  were  added,  the  leaking  rivets  were  plugged 
with  silicone  rubber,  and  the  cell  was  put  in  the  retaining  fixture  (Figure  4.4).  Previously,  the 
retaining  fixture  had  been  used  only  during  the  filling  with  electrolyte  and  performing  the 
formation  cycles.  This  was  the  first  time  the  cell  was  left  in  the  fixture. 

The  location  of  the  cell  rivet  was  symmetric  to  the  electrodes  and  not  to  the  cell  can.  For 
this  reason,  the  can  planar  surfaces  deflected  more  at  the  cell  top  end.  Some  time  during  cycles 
52  and  53,  the  cell  was  on  rest  for  about  12  hours  (computer  power  out).  At  cycle  53,  the 
capacity  was  1 19  Ah,  indicating  that  the  cell  had  some  self-discharge  as  it  recovered  to  121.5  Ah 
at  cycle  56.  The  capacities  at  the  last  two  cycles  were  112  and  109  Ah.  At  this  point,  the  test 
was  terminated  because  of  the  degree  of  stress  on  the  holding  fixture.  At  cycle  53,  the  top  edge 
of  the  0.5-inch  thick  aluminum  plate  had  deflected  0. 125  inches. 


Cells  Navy  T16  and  Navy  T17 

Cell  Navy  T15  was  made  using  Lot  #104  of  the  LiCo02.  Cells  Navy  T16  and  Navy  T17 
were  built  using  Lot  #106,  because  the  supply  of  Lot  #104  was  exhausted  in  order  to  evaluate  the 
decline  in  capacity  that  occurred  with  Lot  #106  of  the  LiCo02  (Table  3.3).  Figure  5.3  through 
5.5  show  that  there  was  a  rapid  decline  in  capacity  of  Cells  Navy  T16  and  Navy  T17  after  the 
twentieth  cycle.  Cell  Navy  T15  did  not  show  a  similar  decline  until  after  the  thirty-fifth  cycle. 
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Cells  Navy  T18  and  Navy  T19 

Figures  5.6  and  5.7  show  the  capacity  of  Cells  Navy  T18  and  Navy  T19  as  a  function  of 
the  number  of  cycles.  These  were  low  temperature  tests.  During  the  course  of  the  18  cycles, 
both  cells  were  physically  deformed.  The  larger  planar  faces  had  bulged  approximately  one- 
*  quarter  inch  per  face,  or  a  total  of  one-half  inch.  The  mechanical  design  of  the  cell  was 

predicated  on  controlling  metallic  lithium  expansion  by  the  use  of  three  rivets  extending  between 
the  two  large  planar  faces.  In  contrast  with  Cell  Navy  T15,  no  retaining  fixture  was  used. 

By  comparison  to  Cell  Navy  T15,  which  was  cycled  at  ambient  temperature,  the 
deformation  of  these  two  cells  was  considerably  more  severe.  Two  factors  probably  contributed 
to  the  bulging  problem:  (1)  a  relatively  high  rate  of  charge  and  (2)  cold  temperature  cycling. 
Bulging  implies  uncontrolled  growth  of  an  electrode.  Every  time  the  lithium  cycled,  the  volume 
of  the  negative  electrode  increased.  This  volume  expansion  created  the  physical  condition  that 
could  distort  the  electrode  pack,  insulation,  and  the  separator.  By  examining  the  remains  of  the 
hardware,  it  was  concluded  that  the  initial  short  in  Cell  Navy  T18  started  in  one  bottom  comer. 

In  actual  use,  these  cells  would  have  been  removed  from  service  and  not  allowed  to  continue  to 
deform  due  to  continued  cycling. 

The  overall  conclusion  is  that  the  physical  expansion  of  the  lithium  during  cycling 
occurred  unimpeded  by  the  can  planar  face  and  the  rivets.  This  allowed  continuous  lithium 
expansion,  giving  rise  to  a  distorted  stack,  which  probably  shorted. 

While  the  cells  were  being  tested,  the  following  occurred: 

•  The  freezer  failed  approximately  25  hours  before  the  MACCOR  cycler  shut 
down  (no  current  or  voltage  readings)  on  these  two  channels. 

•  After  the  freezer  failure,  cells  cycled  at  ambient  for  two  full  discharges  and 
one  full  charge.  Note  that  the  last  charge  occurred  at  ambient  with  an  absolute 
limit  of  4.38  V,  which  was  used  for  the  0°C  charge  to  compensate  for  the 
increased  impedance. 

•  Computer  records  indicated  cell  Navy  T18  had  a  decreasing  voltage  during 
the  last  rest  period. 

•  Cell  Navy  T18  started  the  charge  for  cycle  19  and  then  computer  records 
showed  that  this  channel  could  not  control  voltage.  The  thermocouple  in  the 
freezer  showed  that  the  temperature  was  about  100°C  and  that,  within  ten 
minutes,  the  temperature  returned  to  ambient. 

•  Cell  Navy  T19  almost  simultaneously  was  disconnected  from  the  cycler  leads. 
The  data  show  that  this  cell  was  in  a  rest  period.  The  last  point  for  this  cell 
was  1.18V  possibly  indicating  that  the  cell  was  shorted. 
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•  The  hypothesis  is  that  the  short  for  cell  Navy  T19  was  produced  by 
cell  Navy  T18,  which  fused  the  two  current  leads. 


a  fire  from 


•  For  the  next  9.5  hours,  the  temperature  fluctuated  between  50  to  60°C  and 
ambient. 


The  final  event  occurred  after  9.5  hours  when  the  thermocouple  opened 
probably  indicating  a  second  fire  arising  from  cell  Navy  T19. 

•  Cell  Navy  T19  was  expanded  on  all  four  sides.  It  approached  a  sphere  in 
shape  M  nvets  were  tom  free.  One  comer  had  opened  and  the  vent  had 
opened  The  top  was  opened  on  cell  Navy  T18  attached  at  only  one  narrow 
side.  The  cell  element  (electrode  pack)  was  ejected  into  the  oven. 
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Figure  5.2  Charge  and  Discharge  Voltage  Versus  Cycle  Number  for  Cell  Navy  T1 5 


apacity  (Ah)  Versus  Cycle  Number  for  Cell  Navy  T 1 6 


Capacity  (Ah)  Versus  Cycle  Number  for  Cell  Navy  T17 


Figure  5.5  Charge  and  Discharge  Voltage  Versus  Cycle  Number  for  Navy  T 1 7 
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Figure  5.6  Capacity  (Ah)  Versus  Cycle  Number  for  Cell  Navy  T18 
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Table  5.1  Summary  of  the  Test  Results  on  Cells  Navy  T1 5,  Navy  T1 8  and  Navy  T1 9 


LiCo02/Li  PRISMATIC  "RIVETED" 


CELL 

NAVYT15 

NAVYT18 

NAVYT19 

Pos.  plate  density 

2.7 

2.57 

2.44 

Porosity  % 

32 

35 

39 

No.  of  pos.  plates 

56 

56 

60 

LiCo02  gms. 

1065 

1022 

1006 

Li  gms. 

68 

80 

82 

Electrolyte  gms. 

532 

600 

552 

Theorical  Ah 

149.2 

143.1 

140.8 

Pos.  surface  cm2. 

23216 

23216 

24874 

Stack  clearance  in. 

0.11 

0.11 

0.04 

Cell  weight  gms. 

3011 

3033 

2970 

Test  results  at  +  23  C. 

AH 

142 

145.7 

148 

ADV 

3.8 

3.73 

3.83 

Wh/L 

447.3 

451.1 

470.8 

Wh/K 

179.1 

179.4 

191.2 

Test  results  at  -  2  C. 

AH 

129.8 

130.6 

ADV 

3.42 

3.61 

Wh/L 

368.5 

391.7 

Wh/K 

146.5 

159.1 

Total  no.  of  cycles 

62 

20 

20 
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Chapter  6 

Limited  Safety  Testing 

The  safety  tests  under  abusive  electrical  conditions  were  performed  on  small  4/5A  sized 
cylindrical  cells  which  were  (0.62  inches  in  diameter,  overall  length  of  1.75  inches)  (Table  6.1). 
The  electrodes,  separators  and  electrolyte  were  the  same  as  that  used  in  the  large  Navy  prismatic 
cell.  The  capacities  of  these  small  cells  were  from  0.75  Ah  to  0.80  Ah.  The  separator  was  one 
ply  of  polypropylene  2400  on  the  negative  electrode  (lithium)  and  one  ply  of  polyethylene  K-869 
on  the  positive.  This  design  is  referred  to  as  the  Navy  STD. 

Cells  C468  and  C469  were  cycled  for  60  cycles  at  room  temperature.  Their  last 
capacities  were  0.22  Ah  and  0.23  Ah.  Cell  C473  was  cycled  for  15  cycles  at  room  temperature 
and  then  for  35  cycles  at  -2°C.  Its  last  capacity  was  0.197  Ah. 

A  block  diagram  of  the  short  circuit  set-up  is  given  in  Figure  6.1.  The  cells  were  charged 
individually  and  connected  in  a  fixture  and  placed  in  an  oven  at  60°C.  The  cells  were  wired 
through  a  mercury  relay  rated  at  60  amperes  and  through  a  current  measuring  shunt.  There  was 
less  than  20  milliohms  resistance  between  the  shunt,  cables  and  contacts.  The  relay  was 
energized  remotely  and  the  cell  skin  temperature,  cell  voltage  and  short  circuit  current  were 
monitored  as  a  function  of  time  via  the  computer.  Table  6.2  and  Figure  6.2  show  the  results  of 
the  tests. 

After  20  minutes,  the  skin  temperatures  of  cells  C468  and  C469  were  both  60°C.  The 
cells  were  examined.  The  heat  shrink  sleeve  on  the  outside  of  cells  C468  and  C469  showed 
some  further  shrinking,  but  there  was  no  evidence  of  venting.  When  the  cells  were  opened  there 
was  indications  that  the  polyethylene  separator  had  melted  and  bonded  to  the  positive  plate.  This 
was  a  clear  demonstration  that  the  polyethylene  had  acted  as  a  “shut  down”  separator. 

The  can  of  cell  C  473  vented  with  heat  annealing  marks  around  the  open  vents  at  the 
bottom  of  the  can.  It  is  assumed  that  the  cycling  of  cell  C473  at  the  low  temperature  had  reduced 
the  conductivity  of  the  electrolyte.  This  induced  a  greater  growth  in  the  thickness  of  the  negative 
plate  because  of  the  roughness  of  the  plated  metallic  lithium.  When  similar  cells,  which  had 
been  cycled  at  low  temperature  were  disassembled,  they  showed  a  lithium  build  up  through  the 
separator.  Because  the  anode  thickness  was  2  to  3  times  greater  than  an  uncycled  cell,  the 
positive  plate  was  compressed  through  its  expanded  metal  current  collector  leading  to  a  direct 
short  circuit.  When  a  cell  has  a  direct  short,  the  “shut  down”  mechanism  does  not  work  because 
the  clogged  separator  is  not  able  to  stop  the  ionic  conduction  when  it  reaches  its  melting 
temperature.  The  deposit  build  up  maintains  the  electrical  path,  allowing  the  cell  to  reach  the 
run-off  temperature.  A  similar  unsafe  condition  is  present  when  cells  are  cycled  by  10  to  20% 
more  than  the  number  of  cycles  for  which  they  were  designed,  regardless  of  the  cycling 
temperature. 
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Figure  6.1  Block  Diagram  of  Short  Circuit  Test  Apparatus 
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Figure  6.2  Short  Circuit  Safety  Tests 
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Table  6.1.  Characteristics  of  the  Tested  Cells 


Cell  No. 

CKAh/Kg 

D4fAh/Ke) 

D4 1  Ahl 

Li  ratio 

Cycles 

Temp°C 

C468 

145 

141 

.753 

2.9 

60 

23 

C469 

143 

147 

.754 

3.1 

60 

23 

C473 

153 

140 

.758 

3.1 

50 

23«&-2 

Table  6.2.  Results  of  Safety  Tests 


Cell  No. 

ocv 

Peak  Amps 

At  2  minutes  on  test 
Current  &  Temn 

At  4  minutes  on  test 
Current  &  Temn. 

C468 

3.989 

18.5 

2.3  A  &  98°C 

1.2  A&  132°C 

C469 

3.974 

16.3 

1.8  A  &  88°C 

1.4A&  108°C 

C473 

3.999 

18.3 

2.3  A  &  103°C 

0  A  &  150°C 
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Chapter  7 

Redesign  of  the  Battery  with  Lithium  Ion  Electrochemistry 

After  reviewing  the  results  obtained  on  Cell  Navy  T15,  Cell  Navy  T18,  and  Cell  Navy 
T19,  it  was  realized  that  the  design  needed  to  be  further  adjusted  to  address  the  cell  bulging 
problem.  This  chapter  reviews  the  options  considered  and  presents  the  test  results  on  several 
new  designs. 

Reconsideration  of  Metallic  Anode 

Compared  to  the  first  150  Ah  cell  (Cell  Navy  T15)  cycled  at  ambient  temperature,  the 
deformation  of  Cells  Navy  T18  and  Navy  T19  was  considerably  more  severe.  Two  factors 
probably  contributed  to  the  bulging  problem:  (1)  a  relatively  high  rate  of  charge  and 
(2)  cycling  at  cold  temperature.  The  mechanical  strength  of  the  case  was  not  sufficient  to 
overcome  the  forces  generated  by  the  expansion  of  the  lithium  electrode  during  cycling.  Bulging 
implies  an  uncontrolled  growth  of  an  electrode.  This  means  that  every  time  the  cell  was  charged, 
the  volume  of  the  lithium  electrode  increased.  This  volume  increase  created  the  physical 
conditions,  which  distorted  the  electrode  pack,  the  insulation  and  the  separator.  The  overall 
conclusion  is  that  during  cycling,  the  physical  expansion  of  the  lithium  electrode  occurred 
unimpeded  by  the  can  planar  faces  or  by  the  rivets.  This  allowed  the  lithium  electrode  to  expand 
continuously,  which  gave  rise  to  a  distorted  stack,  which  probably  shorted. 

To  control  the  physical  expansion,  a  redesign  of  the  planar  faces  (increased  wall 
thickness)  and  the  actual  rivets  would  be  necessary.  Another  possibility  is  that  a  reinforced 
metallic  sarcophagus  might  control  expansion  of  the  planar  faces,  which  contain  the  cells.  These 
design  changes  would  decrease  the  energy  density  for  the  metallic  lithium  cell  to  an  estimated 
120  Wh/kg,  and  there  would  be  safety  concerns  as  these  cells  cycle  to  the  end  of  life.  Cell  Navy 
T15  delivered  140  Ah  with  a  positive  utilization  of  133  Ah/kg.  If  the  thickness  of  the  end  plates 
were  increased  from  .024  inches  to  0.190  inches,  the  number  of  positive  plates  in  the  cell  would 
be  reduced  from  56  to  48.  This  would  reduce  the  cell  capacity  to  121  Ah.  (The  average  capacity 
per  positive  plate  was  2.53  Ah.)  These  design  changes  would  not  solve  the  fundamental 
problem:  lithium  in  rechargeable  cells  over  100  Ah  would  always  have  the  potential  for  a  fault 
mode.  A  more  confident  change  in  direction  would  be  to  replace  the  metallic  lithium  anode  with 
a  lithium  intercalation  graphite  electrode  (LiON®).  Table  7. 1  shows  a  comparison  of  the 
performance  at  the  battery  level  between  a  metallic  lithium  reinforced  cell  and  LiON®.  The 
weight  and  volume  penalty  that  would  occur  to  reinforce  the  metallic  lithium  system  results  in  an 
energy  density  similar  to  LiON®,  which  offers  better  cycle  life  and  improved  safety. 
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Figure  7.1  compares  the  weight  disposition  of  a  metallic  lithium/lithiated  cobalt  oxide 
cell  with  a  lithium  ion/lithiated  nickel  oxide  cell.  In  the  lithium  ion  electrochemistry,  the  current 
collectors  are  lighter  because  the  solid  metal  foil  is  thinner  than  the  expanded  metal.  The  foil 
was  not  used  in  the  metallic  lithium  design  because  it  would  require  lithium  on  both  sides  of  the 
foil.  This  would  result  in  an  electrode  that  was  much  thicker  than  when  using  expanded  metal, 
which  required  lithium  on  only  one  side.  Only  one  separator  that  is  0.001  inches  thick  is  used 
instead  of  three  that  have  a  total  thickness  of  0.003  inches.  As  a  result,  less  electrolyte  is 
required.  However,  the  carbon  in  the  anode  is  heavier  than  metallic  lithium.  To  compensate  for 
the  increase  in  weight,  the  weight  of  the  active  material  and  the  hardware  were  reduced.  Table 
7.2  compares  the  two  electrochemistries  in  our  proposed  cell  design.  Both  systems  are  designed 
to  fit  into  the  Li/LiCoOj  metallic  hardware. 


Reconsideration  of  the  Cathode 

Both  LiNiOj  and  LiCo02  may  be  used  as  the  cathode  in  the  LiON®  system.  Table  7.3 
compares  the  design  characteristics  of  LiNi02  and  LiCo02.  LiCo02  has  more  of  a  tendency  to 
form  dendrites  at  the  higher  charging  rate.  Because  LiCo02  has  a  lower  utilization,  it  requires 
more  active  material  to  match  the  negative  electrode.  This  increases  the  thickness  of  the  positive 
electrode  and  decreases  the  number  of  plates  per  stack.  Because  of  the  greater  number  of  plates 
and  the  higher  density,  the  stack  made  with  LiCo02  is  heavier. 


Cell  Construction 

The  lithium  ion  cell  has  three  main  components:  a  bonded  graphite  anode/negative 
electrode,  a  bonded  transition  metal  oxide,  (such  as  LiNi02),  as  the  cathode/positive  electrode, 
and  an  organic  electrolyte.  The  lithium  ion  electrochemistry  uses  the  same  type  of  electrolyte 
and  lithiated  metal  oxide  cathodes  as  metallic  lithium  batteries,  but  the  negative  electrode 
consists  of  a  graphitized  carbon  structure.  As  there  is  no  metallic  lithium  present  in  the  cell,  the 
lithium  ion  technology  is  safer  and  offers  greater  cycling  efficiency  and  speed.  The  electrodes 
are  typically  spirally  wound  and  inserted  into  the  container.  The  cell  is  then  filled  with 
electrolyte  and  sealed.  It  is  assembled  in  a  discharged  state;  it  is  then  formed  and  charged. 
During  charge,  lithium  ions  deintercalate  from  the  positive  electrode  and  intercalate  (charge)  into 
the  carbon  negative  electrode.  During  discharge  the  lithium  ion  moves  back  to  the  positive 
electrodes.  Before  the  first  charge,  the  cell’s  potential  is  essentially  zero,  arising  from  combining 
the  two  half-cell  reactions  as  follows: 

Enegative  =  solvent  reduction  on  carbon  vs  Li »  3.3  volts 
^positive  “  LiNi02  vs  Li  —  3.3  volts 
Ecell  =  Epositive  -  Enegative  “  0-0  volts 
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Negative  Electrode 

During  charge,  the  negative  electrode  is  lowered  in  potential,  allowing  reduction  of 
propylene  and/or  ethylene  carbonate,  forming  lithium  carbonate  on  the  carbon  surface  and  some 
dissolved  ethylene  and/or  propylene  gas.  The  lithium  carbonate  (reaction  product)  layer  forms  a 
solid  electrolyte  interface  (SEI),  through  which  lithium  ions  communicate  either  to  the  solution 
or  carbon  structure.  The  SEI  layer  forms  an  ionically  conducting,  mechanically  robust  and 
electrically  insulating  film  on  the  carbon  surface.  The  irreversible  reaction  between  the  lithium 
atoms  and  the  alkyl  carbonate  solvent(s)  will  then  stop  once  the  film  thickness  is  great  enough  to 
prevent  electron  tunneling.  As  the  potential  becomes  more  negative,  Li  intercalates  into  the 
crystalline,  layered  graphite  structure  according  to  the  reaction: 

Li  +  Cg  — >  LiCg 

forming  a  compound  of  composition  of  one  lithium  per  hexagonal  Cg. 

Positive  Electrode 

The  Li  ion  source  is  the  LiNiOj,  which  is  undergoing  oxidation  and  de-intercalation, 
according  to  the  reaction. 

LiNi02  — ^  xLi^  +  Lij_jjNi02  +  xe 


The  overall  electrochemical  process  is  not  100%  efficient  for  the  first  charge  and  discharge  cycle 
because  Li  ions  are  irreversibly  and  unavoidably  consumed  forming  the  intrinsic  SEI  layer. 

After  a  few  cycles,  the  material  can  be  cycled  reversibly  according  to  the  following  reaction: 

Lio.35Ni02  +  0.5  Li'*'  +  0.5e'=  Li085NiO2(135  Ah/kg) 

The  remaining  0.15  Li  is  consumed  in  the  formation  of  the  SEI  layer. 


Electrode  Processes  Development 
Coating  Methods 

When  this  development  began,  SAFT  had  broad  experience  in  the  preparation  of 
electrodes  on  expanded  metal  grids.  Electrodes  on  grids  are  more  flexible  and  easier  to 
manipulate  than  those  on  foils,  but  foil  technology  permits  the  use  of  thin  films  (0.006”  -  0.010” 
thick)  as  opposed  to  plates  of  0.013”  thickness,  which  is  the  practical  miniminn  for  grid-based 
electrodes.  However,  the  switch  from  grid  to  foil  technology  required  the  development  of  a  new 
coating  technique  to  provide  for  reliable  and  reproducible  deposition  of  very  thin  films.  One 
such  method  is  reverse  roll  coating.  It  employs  a  coater  in  which  a  slurry  of  electrode  active 
materials  and  binder  are  applied  to  the  foil  (web  in  coating  technology  terms)  via  an  applicator 
roller  that  rotates  in  the  opposite  direction  to  the  direction  of  the  travel  of  the  web.  A  reverse  roll 
coater  system  is  shown  schematically  in  Figure  7.2.  The  doctor  roller  acts  as  a  metering  device 
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to  control  the  thickness  of  the  slurry  on  the  applicator  roller  based  on  its  rotation  as  well  as  on 
the  gap  between  the  two  rollers.  The  thickness  of  the  coating  is  detemuned  by  the  interplay  of 
the  web  speed,  rotation  rate  of  the  applicator  and  doctor  roller,  and  on  the  gap  between  the 
applicator  and  doctor  roller.  An  additional  parameter  to  consider  is  the  viscosity  of  the  coating 
slurry.  High  viscosity  slurries  will  not  flow  through  the  gap  and  thus  give  a  thinner  coating.  The 
reverse  roll  coater  method  of  coating  requires  a  slurry  viscosity  in  the  range  of  1000  to  5000 
centipoise  (cp). 

In  the  initial  phase  of  development,  the  effect  of  the  speed  of  the  rollers,  the  web  speed, 
and  the  gap  setting  were  studied  to  determine  what  were  the  main  contributing  factors  to  the  final 
coating  thickness.  The  data  clearly  showed  that  the  coating  thickness  increased  with  increased 
applicator  roller  speed.  Experiments,  which  increased  the  doctor  roller  speed  by  a  factor  of  2, 
caused  only  a  very  small  decrease  in  the  film  thickness.  The  doctor  roller  had  a  much  smaller 
effect  on  the  film  thickness  than  did  the  applicator  speed. 

An  important  aspect  of  the  process  was  the  effect  that  the  drying  method  had  on  the 
resulting  film.  While  there  was  no  effect  on  film  thickness,  there  was  a  major  effect  on  adhesion. 
Ovens  can  be  heated  by  either  radiant  heat  (like  an  electric  kitchen  oven)  or  by  forced  hot  air  (a 
convection  oven).  Each  of  these  ovens  had  its  own  advantage.  Radiant  heat,  which  previously 
was  used  to  make  the  pasted  electrodes,  is  a  more  directed  heat  with  the  heat  being  absorbed  by 
the  object  being  dried.  The  convection  method,  because  it  heats  the  whole  oven,  has  the 
advantage  of  sweeping  out  any  vapors  that  may  accumulate.  The  oven  was  divided  into  four 
heat  zones  of  60°C,  100°C,  1 10°C  and  130°C.  The  coated  electrode  entered  the  oven  at  the  60°C 
zone  and  exited  at  the  130°C  zone. 

To  make  the  electrodes  for  the  lithium  ion  cell,  the  oven  was  converted  to  a  convection 
type.  In  this  heating  method,  forced  air  was  directed  over  electric  heaters  and  the  hot  air  was 
then  allowed  to  pass  over  the  coated  foil  substrate.  Using  this  drying  method,  the  hot  air  allowed 
the  N  -  methylene  -2-  pyrrolidone  (NMP)  liquid  component  of  the  slurry  to  vaporize  near  the 
surface  and  then  be  swept  away  above  the  film.  Convection  caused  a  non-equilibrium  condition 
with  respect  to  the  amount  of  solvent  in  the  film  and  solvent  vapor  above  the  film.  This  method 
of  heating  does  not  close  the  top  film  surface  since  the  solvent  vapors  are  constantly  escaping 
from  the  mass  of  the  coating.  Electrodes  made  using  this  method  of  drying  showed  vast 
improvement  in  adhesion  and  performance. 

Positive  Electrode 

Plate  Manufacture.  The  weight  percentage  of  active  material  (LiNi02)  was  86%,  with 
4%  Shawinigan  black,  4%  graphite  and  6%  poly  (vinylidene  fluoride)  (PVDF)  binder,  making  up 
the  balance  of  the  solids  in  the  slurry.  In  the  beginning,  the  target  was  a  loading  of  60  mg/cm^ 
and  a  porosity  of  25%  of  active  material  when  coated  onto  the  foil  collector.  The  final  target  was 
40  mg/cm^  and  a  porosity  of  25  to  30%. 

Safi  manufactured  a  uniform,  dense,  and  low  impedance  positive  LiNiOj  cathode  by  the 
following  process.  LiNi02,  graphite,  and  acetylene  black  were  mixed  for  10  minutes  and  then 
loaded  into  a  Ross  mixer  where  the  PVDF  (Kymar  275 1)  was  added  and  mixed  for  5  minutes. 
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The  NMP,  which  makes  up  47%  by  weight  of  the  final  mixture,  was  added  to  the  solids  and 
mixed  for  a  total  of  approximately  1  3/4  hours.  The  mix  was  checked  for  viscosity  and  density. 
Typical  values  would  be  1500  cp  for  the  viscosity  and  1.5  g/cm^  for  the  density.  The  mix  was 
then  coated  onto  a  0.0007”  aluminum  foil  and  dried  in  a  convection  oven.  An  aluminum  foil 
current  collector  was  selected  because  of  its  low  weight,  excellent  electronic  conductivity  and 
electrochemical  stability  at  the  system’s  high  oxidizing  potential.  The  second  side  was  then 
coated  and  dried  in  a  similar  manner.  After  coating,  the  rolls  were  allowed  to  set  for  at  least 
10  hours  in  the  dryroom  prior  to  cutting. 

Cathode  Plate  Assembly.  The  following  steps  were  employed  to  convert  the  cathode 
strips  into  electrodes.  After  being  cut  into  4.5-inch  wide  strips,  the  weights  and  thickness  were 
determined.  From  this  information,  the  thickness  required  for  the  proper  porosity  was  calculated 
and  the  material  was  calendered  in  several  passes  by  a  roller  unit  to  that  thickness.  Positive 
material  was  scraped  away  to  expose  a  sufficient  area  of  the  foil  so  that  aluminum  tabs  could  be 
ultrasonically  welded  to  the  plates.  The  tabs  and  the  surrounding  areas  of  the  welding  were 
protected  with  electrical  tape.  It  had  previously  been  determined  that  the  tape  had  no  deleterious 
effects  on  the  cell.  After  the  weight  and  thickness  were  recorded,  the  cathode  assembly  was 
vacuum  dried  for  a  minimum  of  two  hours. 

Negative  Electrodes 

Plate  Manufacture.  The  weight  percentage  of  active  material  was  86%  graphite,  3% 
PLV/accelerator  and  11%  PVDF  binder.  PLV  is  a  binder  manufactured  by  Pelmor  Laboratories, 
Initially,  the  target  was  a  loading  of  28  mg/cm^  and  a  porosity  of  30%  of  active  material  when 
coated  onto  the  foil  current  collector.  This  loading  was  later  reduced  to  22  mg/cm^  and  a 
porosity  of  40%.  It  was  found  that  the  adhesion  was  not  as  good  on  the  thicker  plates  and  that 
material  flaked  off  during  the  cutting  into  electrodes.  Because  the  binder  is  a  rubber-like 
material,  the  plates  want  to  return  to  their  original  thickness.  Since  about  two  weeks  elapsed 
between  the  time  that  the  electrodes  were  made  and  the  time  that  they  were  assembled  into 
batteries,  there  was  more  increase  in  thickness  with  the  lower  porosity.  In  order  to  reach  the 
proper  porosity,  the  plates  were  calendered  to  reduce  the  plate  thickness.  The  copper  foil  current 
collector,  which  is  0.0004”  thick,  provides  excellent  structural  support,  high  conductivity,  and  is 
stable  over  the  normal  operating  voltage  range. 

Saft  was  able  to  manufacture  a  uniform,  dense  and  low  impedance  negative  electrode  by 
the  following  process.  The  graphite  and  PVDF  (Kynar-741),  which  is  a  binder  for  the  mixture, 
were  loaded  into  a  Ross  mixer  and  mixed  for  5  minutes.  The  NMP,  which  makes  up  62%  by 
weight  of  the  final  mixture,  was  added  to  the  solids  along  with  the  PLV/accelerator,  which  binds 
the  mixture  to  the  foil,  and  mixed  for  a  total  of  1  1/2  hours.  The  mix  was  checked  for  viscosity 
and  density.  Typical  values  would  be  1500  cp  for  the  viscosity  and  1.1  g/cm^  for  the  density. 

The  mix  then  was  coated  onto  one  side  of  0.0004”  copper  foil  and  dried  in  a  convection  oven. 
The  second  side  was  coated  and  dried  in  a  similar  manner.  The  coated  rolls  were  allowed  to  set 
for  at  least  10  hours  in  the  dryroom  prior  to  cutting. 

Plate  Assembly.  The  following  steps  were  employed  to  convert  the  anode  strips  into 
electrodes.  After  being  cut  into  4.5-inch  wide  strips,  the  weight  and  thickness  were  determined. 
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From  this  information,  the  thickness  required  for  the  proper  porosity  was  calculated  and  the 
material  was  calendered  in  several  passes  by  a  roller  unit  to  that  thickness  and  cut  into  parts  with 
a  steel  rule  die.  Negative  material  was  scraped  to  expose  sufficient  area  of  the  foil  so  that  a 
nickel  tab  could  be  ultrasonically  welded  to  it.  The  tab  and  the  surrounding  area  of  the  welding 
were  protected  with  electrical  tape. 


Battery  Designs 
Full  Plate  Design 

Figure  7.3  shows  the  dimensions  of  the  trimmed  positive  plate  that  would  be  required  for 
the  full  plate  design.  The  tab  area  would  not  be  coated.  Because  the  electrode  coating  process 
produced  plates  that  were  only  4.5  inches  wide,  it  was  proposed  that  4.5-inch  wide  electrodes  be 
used,  and  the  rest  of  the  space  in  the  battery  filled  with  plastic.  This  idea  was  discarded  because 
it  would  decrease  the  specific  energy  of  the  battery  (Table  7.4).  Instead,  it  was  proposed  to  add  a 
strip  of  electrode  material  to  bring  the  cathode  width  to  the  5.25  inches  dictated  by  the  design 
(Figure  7.4).  The  two  sections  of  the  plate  were  joined  by  a  double  tab,  which  was  sonically 
welded  to  the  foil,  as  shown  in  Figure  7.4  for  the  positive  and  Figure  7.5  for  the  negative.  Each 
positive  and  negative  electrode  was  contained  in  a  heat-sealed  bag  (Figure  7.6  and  7.7, 
respectively).  Active  material  flaked  off  at  the  edge  during  sonic  welding  of  the  tab.  Due  to  the 
electrical  insulation  required  on  the  tab,  there  was  a  difference  in  thickness  between  that  area  and 
the  rest  of  the  plate.  Some  of  the  negative  plate  area  at  the  top  of  the  plate  was  removed  to  allow 
for  the  positive  tab  thickness.  This  was  not  possible  at  the  bottom.  Because  of  these  and  several 
other  problems,  no  cells  or  batteries  were  built. 

Twin  Pack  Design 

To  resolve  some  of  the  fabrication  problems,  the  Twin  Pack  Design  was  proposed  (Table 
7.5).  In  this  design,  the  positives  and  negatives  were  prepared  as  half  plates.  The  positive  plate 
(Figure  7.8)  had  a  thickness  of  0.0085  inches,  a  porosity  of  35%  and  a  loading  of  0.0456  gs/cm^ 
(0.362  g/in^).  The  positive  plate  was  fitted  into  a  separator  pouch  as  shown  in  Figure  7.9.  The 
separator  was  first  folded  in  half,  then  heat-sealed  in  two  places  along  the  long  side.  The 
positive  plate  was  inserted  into  the  pouch  and  the  center  holes  and  the  sides  were  sealed  as 
shown  in  Figure  7.9.  The  negative  plate  (Figure  7.10)  had  a  thickness  of  0.009  inches,  a  porosity 
of  46%  and  a  loading  of  0.022  g/cm^  (0.24  g/in^). 

The  cell  was  assembled  by  placing  the  nickel  end  plate,  (Figure  7.1 1),  which  contained 
the  four  rivets  (Figure  7.12),  and  the  center  rivet  (Figure  7.13),  on  the  fixture  (Figure  7.14),  then 
two  negative  electrodes  (right  and  left  side),  and  the  positive  electrodes  with  the  separator,  etc. 
The  rivets  were  made  from  flanged  copper  tubing  with  slits  to  allow  the  electrolyte  to  flow  to  the 
center  of  the  stack.  The  outside  diameter  of  the  rivets  was  the  same  dimension  as  the  holes  in  the 
negative  electrode  so  that  the  rivets  would  be  in  electrical  contact  with  the  negative  electrode. 

The  flanges  of  the  rivets  were  spot  welded  to  the  end  plate.  After  the  last  set  of  plates  was 
positioned,  another  end  plate  was  added  and  the  stack  was  compressed  at  50  kilograms  of 
pressure  overnight.  When  the  proper  height  (1.66  inches)  was  obtained,  the  rivets  in  the  end 
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plate  were  flared  over  in  order  to  keep  the  stack  under  pressure  (Figure  7. 15).  The  copper  rivets 
and  the  nickel  end  plates  were  the  negative  current  collector.  The  two  end  plates  were 
electrically  connected,  by  spot-welding  a  nickel  strip  to  each.  The  positive  tabs  were  welded 
together  into  groups  of  6  to  10  and  a  thicker  aluminum  tab  was  welded  to  the  bundle.  The  stack 
was  then  inserted  into  the  can.  When  the  hole  in  the  can  and  the  center  rivet  were  properly 
aligned,  pop  rivets  were  inserted  into  each  end  of  the  center  rivet  (Figure  7.16)  to  fix  the  stack 
geometry.  Because  of  thickness  variation  in  the  plates,  and  tolerance  build  up,  it  was  not 
possible  to  maintain  an  even  pressure  on  the  stack.  There  was  a  difference  in  thickness  between 
the  two  sides.  During  charging,  during  cycling  (Figure  7.17),  the  low-pressure  side  expanded 
more,  causing  the  tabs  to  break.  When  one  side  lost  contact,  the  negative  contacted  the  bottom 
of  the  can. 

Before  the  cell  was  disassembled,  it  weighed  3.052  kilograms,  and  it  had  an  OCV  of 
3.452  volts.  The  top  was  cut  at  three  sides  at  0.09  inches  below  the  TIG  weld  and  the  top  was 
folded  back  to  open  the  cell  (Figure  7.18).  The  connection  from  the  plate  busses  to  the  feed¬ 
through  was  very  good  on  both  terminals.  The  area  where  the  TIG.  weld  joint  had  been 
reworked  showed  melting  of  the  top  insulator  which  was  very  close  to  a  positive  plate.  The  top 
of  both  stacks  was  covered  with  a  white  salt  deposit  (Figure  7.19).  There  were  gray  deposits 
concentrated  in  the  two  areas  under  the  negative  terminal.  When  these  deposits  were  tested 
under  water,  they  showed  high  reactivity  (an  indication  of  plated  lithium).  About  25  mL  of 
excess  electrolyte  was  drained.  This  liquid  was  black  and  probably  contained  residue  from  the 
negative  plate  edges.  The  cell  top  cavity  was  filled  with  mineral  oil  and  let  to  stand  for  two  days. 
When  the  bussed  tabs  were  removed,  most  of  the  positive  tabs  were  disconnected  and  had  a 
white  salt  between  them.  The  tabs  were  cleaned  and  reconnected  using  alligator  clips.  A 
resistive  load  of  0.25  ohms  was  applied  to  each  single  twin  stack  and  to  the  paralleled  twin 
stacks.  The  results  were  as  follows: 


Open  Circuit 

Load  Voltage 

Current 

Voltage  (Volts) 

(Volts) 

(Amperes) 

Both  Twin  Stacks 

3.415 

3.20 

10.4 

Stack  Closest  to  Negative  Terminal 

3.427 

3.10 

9.9 

Stack  Closest  to  Positive  Terminal 

3.427 

3.14 

10.08 

This  indicated  that  the  electrical  isolation  was  still  good.  The  negative  stack  had  more 
unused  plates  because  it  had  lost  electrical  contact,  due  to  the  disconnected  tabs. 

The  stainless  steel  can  rivet  (Figure  7. 14)  was  removed.  The  large  planar  side  of  the  can 
was  cut  along  the  can’s  longer  side.  When  the  bottom  side  of  the  can  was  cut,  some  smoke  was 
produced.  The  planar  side  of  the  can  was  bent  back.  The  flanged  copper  rivets  (Figure  7. 12)  on 
the  negative  terminal  side  of  the  battery  were  broken.  This  side  was  probably  looser  in  the  can 
and  did  not  have  the  support  of  the  can  center  rivet. 
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The  electrode  pack  was  removed  from  the  can.  There  were  gray  deposits  on  the  side  and 
bottom  surfaces  of  the  negative  terminal  side  of  the  battery.  The  negative  plates  were  not 
isolated  from  the  can.  In  nickel/cadmium  and  other  batteries  with  aqueous  electrolyte,  the  tabs 
of  the  electrodes  are  clamped  and  bolted  together,  welded  or  fused.  In  the  Twin  Pack  design,  the 
electrode  tabs  were  joined  mechanically.  It  appears  that  the  lithium  ion  electrochemical  system 
requires  a  welded  joint  between  the  tabs  and  the  bus  terminal  to  avoid  corrosion  (oxidation)  on 
the  surface  of  the  aluminum  tabs.  This  corrosion  caused  an  increase  in  the  impedance  of  the 
cells,  which  could  be  the  reason  for  the  early  and  rapid  decline  of  the  capacity  of  the  cell  even  at 
a  moderate  load.  The  gray  deposits  on  the  side  and  the  bottom  of  the  stack  located  on  the 
negative  terminal  side  of  the  battery  could  be  the  results  of  the  weak  electrical  connection  of  its 
positive  tabs. 

Five  to  eight  electrodes  at  the  end  of  each  stack  were  extruded  into  and  through  the  holes 
in  the  end  plates.  This  is  an  indication  of  the  pressure  that  was  produced  by  the  cycling  plates. 
Figure  7.20  indicates  that  the  positive  plate  had  expanded  from  0.009  inches  (at  assembly)  to 
0.012  inches,  an  increase  of  25%.  The  negative  plate  (Figure  7.21)  had  expanded  from  0.010 
inches  (at  assembly)  to  0.013  inches,  an  increase  of  25%.  This  observation  reaffirms  the 
importance  of  maintaining  the  structural  rigidity  of  the  cell.  The  expansion  of  the  negative  plate 
during  charging  is  not  reversed  during  the  discharge  cycle  unless  force  is  applied.  (Saft  has  now 
incorporated  internal  spring  plates  in  its  4.5  Ah  prismatic  cells.) 

Slitted  Plate  Design 

Because  of  the  above  problem,  the  Slitted  Plate  Design  using  the  LiNi02  as  the  cathode 
was  proposed  (Table  7.6).  The  plates  were  cut  on  a  slitter  instead  of  being  cut  with  steel  rule 
dies.  The  cell  consisted  of  three  electrode  packs.  They  were  assembled  parallel  to  the  small  face 
of  the  prismatic  cell.  This  mode  of  assembly  had  the  following  advantages:  it  avoided  the 
electrode  stack  pressure  on  large  planar  surfaces,  because  the  stack  pressure  was  against  the  cell 
end  plates;  it  required  less  head  space  for  bussing;  it  eliminated  the  peeling  of  the  edge  of  the 
electrodes  caused  by  cutting  with  steel  rule  dies;  it  eliminated  tab  welding  by  using  the  foil 
substrate  as  the  tab;  it  minimized  the  handling  required  for  tabbing  and  heat  sealing  the  separator 
pouches;  and  it  provided  a  simple  mode  stacking  for  easier  mechanization.  Furthermore,  the 
energy  efficiency  increased,  compared  to  the  Twin  Pick  Design: 

From  To 

120  Ah  128  Ah 

139  Wh/kg  148  Wh/kg 

63  Wh/lb  67  Wh/lb 

Cell  Navy  T24A.  The  contract  required  the  building  of  cells  with  LiCoOa  and  LiNiOi  as 
the  cathode.  Table  7.7  shows  the  proposed  design  using  LiCoOa  as  the  cathode.  The  electrode 
plates  were  cut  on  the  slitter  to  the  proper  width  and  then  cut  to  length  to  fit  the  side  of  the  can. 
The  positive  plate  (Figure  7.22)  was  1.55  inches  wide.  The  separator,  which  was  tri-layered 
polypropylene/polyethylene/polypropylene,  was  1.687  inches  wide.  The  positive  plate  was 
wrapped  with  the  separator  and  partially  heat-sealed  around  the  edge  (Figure  7.23).  The  negative 
plate  (Figure  7.22)  was  1.66  inches  wide  and  was  folded  in  half.  The  bagged  positive  plate  was 
placed  in  the  half-folded  anode  (Figure  7.24).  One  end  of  both  electrodes  was  cleaned  of  active 
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material  and  this  end  was  trimmed  to  form  the  tab.  Because  of  variation  in  loading  and 
thickness,  it  was  necessary  to  group  the  electrodes  by  weight  and  thickness.  The  negative  and 
positive  electrodes  were  paired  in  order  to  maintain  a  relatively  even  ratio  of  active  material 
weight  per  stack. 

The  stacking  began  with  a  bagged  positive  in  a  folded  negative,  followed  by  a  bagged 
positive,  etc.,  to  form  a  stack  of  312  bagged  positive  plates  (Figure  7.24).  The  finished  stack  was 
kept  in  the  fixture  while  it  was  under  a  20  kg  load  overnight  before  being  strapped  with  adhesive 
tape.  One  side  of  the  fixture  was  partially  open  to  allow  for  the  welding  of  the  tabs.  The 
aluminum  (positive)  tabs  were  spot  welded  together  into  groups  of  ten.  The  copper  (negative) 
tabs  were  spot  welded  together  into  groups  of  six.  Because  the  negative  plates  were  folded,  there 
was  half  the  amount  of  these  tabs.  The  pre-welded  aluminum  tabs  were  folded  against  the  side 
of  the  stack  and  a  0.010-inch  thick  aluminum  tab  was  serial/parallel  welded  to  the  folded  tabs. 
The  copper  tabs  were  also  folded  and  a  0.003 -inch  thick  nickel  tab  was  series/parallel  welded  to 
the  folded  tabs. 

The  bussed  stack  was  removed  from  the  fixture  and  inserted  into  the  can.  Removing  such 
a  large  number  of  plates  from  the  fixture  caused  some  plates  at  the  middle  of  the  stack  to  shift, 
making  this  operation  very  difficult.  For  this  cell,  the  plates  were  cut  to  a  length  that  permitted 
more  clearance  at  the  bussing  area.  However,  the  plates  shifted  and  the  loss  of  electrical 
isolation  persisted.  Finally,  the  completed  cell  lost  its  isolation  while  the  cover  was  being  TIG 
welded  to  the  can.  The  aluminum  bussing  at  the  upper  comer  absorbed  enough  heat  to  cause  the 
separator  to  melt  at  the  very  near  edges  of  the  positive  and  negative  plates. 

Cell  Navy  T231.  It  was  recognized  that  in  order  to  prevent  the  shifting  of  the  plates  in 
the  stack,  the  number  of  plates  should  be  minimized  and  the  tabs  should  be  welded  after  the  stack 
is  in  the  can.  The  electrodes  were  made  as  long  as  the  case  height  permitted.  This  minimized 
the  total  number  of  plates  in  the  cell  that  permitted  the  electrode  tabs  to  be  welded  together  or 
bussed  after  the  electrodes  were  placed  in  the  can. 

Two  internal  dividers  were  added  to  the  can  for  two  reasons: 

1.  Since  they  would  not  permit  the  deflection  of  the  can  on  its  large  side,  there  would  be 
better  control  of  the  stack  pressure  during  temperature  cycling 

2.  A  fixture  (Figure  4.4)  would  not  be  required  in  order  to  fill  the  cell  with  electrolyte  at 
a  higher  pressure. 

The  existing  hardware  was  modified  by  making  small  slots  at  1/3  and  2/3  the  width  of  the 
inside  of  the  can  and  inserting  two  small  plates  of  the  same  thickness  as  the  can  that  fit  loosely 
into  the  can.  The  bottom  comers  of  the  divider  were  rounded  so  that  they  would  be  easier  to 
insert  into  the  can.  The  dividers  were  TIG  welded  to  the  can  through  the  slots  (Figures  7.25  and 
7.26).  Because  of  the  loose  fit  and  rounded  comers,  the  dividers  did  not  isolate  the  electrolyte 
between  compartments. 

The  electrodes  were  fabricated  like  those  for  Cell  Navy  T24A  except  that  they  were  one 
inch  longer.  The  negative  and  positive  electrodes  were  paired  in  order  to  maintain  a  relatively 
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even  ratio  of  actual  material  weight  per  stack.  Each  stack  was  built  to  fit  a  cell  cavity  after  the 
20-kg  compression.  The  stack  was  tested  electrically  for  shorts,  wrapped  with  the  separator, 
strapped  with  adhesive  tape  and  inserted  into  the  can.  When  the  three  stacks  were  in  the  can, 
their  tabs  were  folded  over  the  stack.  Two  0.010-inch  thick  aluminum  tabs  were  welded  to  the 
aluminum  foil  tabs  and  two  0.003-inch  thick  nickel  tabs  were  welded  to  the  copper  foil  tabs.  The 
two  tabs  were  located  side  by  side  without  touching,  over  the  folded  tabs  and  series/parallel 
welded  by  placing  each  welding  electrode  on  each  of  the  two  tabs  (Figure  7.27).  This  time  the 
tabs  were  not  pre- welded  by  groups.  Cleaning  the  active  material  from  the  tabs  made  them  very 
weak,  brittle  and  difficult  to  weld.  For  this  reason,  many  plates  were  replaced  or  reworked 
during  the  building  of  the  stacks.  This  produced  stacks  with  different  weights  and  stack 
pressures. 

As  a  result  of  past  experience,  it  was  recommended  that  when  the  active  material  is 
removed  from  the  electrode  foil,  that  a  thicker  tab  (0.001  to  0.005  inches  thick)  be  sonically 
welded  to  the  cleaned  foil  to  be  used  as  the  tab  for  the  current  collector.  This  procedure  would 
require  that  both  sides  of  the  plate  be  taped  in  order  to  provide  short  circuit  protection.  Since  this 
would  increase  the  overall  thickness  of  the  plates,  this  design  was  not  selected  for  this  cell. 
Several  attempts  were  made  to  manufacture  plates  by  a  process  of  intermittent  coating,  so  that 
the  plates  would  have  areas  without  active  material.  Since  one  side  is  coated  at  a  time,  often 
there  was  misregistration  on  the  second  side.  There  were  not  enough  plates  to  build  a  single 
stack.  Two  of  the  stacks  used  in  this  cell  were  reworked  from  the  previous  cell.  They  were 
reworked  because  they  had  lost  their  electrical  isolation  while  the  cover  was  being  welded  to  the 
can.  After  bussing,  a  0.5-inch  wide  glass  tape  was  wrapped  around  the  upper  positive  end  of  the 
stack  in  order  to  protect  all  of  that  mass  of  aluminum  from  the  heat  of  the  TIG  welding.  While 
welding  the  cover  to  the  case,  the  assembly  was  allowed  to  cool  after  each  1.5  inches  of  welding. 

In  order  to  fill  the  cell  with  electrolyte,  650  grams  of  ternary  electrolyte,  EC/PC/DMC 
with  1.2Af  LiPFg,  were  prepared  and  the  electrolyte  container  was  pressurized  with  CO2  at 
30  psig.  The  cell  was  evacuated  for  ten  minutes  and  refilled  with  electrolyte  vapors  and  CO2. 
This  was  repeated  three  times.  The  fourth  time,  the  electrolyte  tank  was  inverted  and  the  cell 
was  filled  with  electrolyte.  The  fill  port  was  fitted  with  a  miniature  shut-off  valve.  This 
permitted  the  release  of  the  internal  cell  pressure  after  the  cell  formation.  The  cell  weight  was 
2448  grams  dry  and  3060  grams  after  filling. 

The  cell  was  set  to  charge  at  9.53  amperes  (C/10)  to  4.2  volts  and  to  discharge  at  15 
amperes  (C/6)  to  3  volts.*  Because  of  the  cell’s  rapid  decline  in  capacity,  the  rates  were  lowered 
after  the  fifth  cycle.  The  cell  was  partially  charged  and  discharged  and  stored  at  different 
temperatures  during  the  formation  cycling.  The  first  charge  was  75.37  Ah  and  the  first  discharge 
was  41.7  Ah.  The  second  charge  was  89.44  Ah  and  the  second  discharge  was  85.0  Ah.  This  is  a 
discharge/charge  (D/C)  ratio  of  0.95.  From  the  cycling  d^ta  (Figure  7.28),  the  cell  discharged  at 
85.0  Ah,  which  was  very  close  to  the  theoretical  87.96  Ah.  The  fact  that  the  charge  and 
discharge  capacities  remain  very  similar  throughout  the  200  cycles  indicated  that  the  cell  had 
good  electrical  isolation.  The  sharp  capacity  decline  during  the  first  20  cycles  indicated  that  a 
cell  stack  or  single  plate  had  become  disconnected.  After  the  90th  cycle,  it  was  assumed  that 


*  These  rates  were  calculated  from  the  cell’s  theoretical  capacity  and  its  total  positive  electrode  area  of  35,094  cm^. 
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only  one  of  the  three  stacks  was  working,  because  at  that  cycle  the  capacity  was  about  one  third 
of  the  total  capacity.  This  assumption  was  confirmed  by  postmortem  analysis. 

After  cycling,  the  cell  was  stored  for  three  months  in  the  discharged  state.  The  cell  was 
vented  by  removing  the  shut-off  valve  from  its  filling  port.  No  gas  or  liquid  was  released.  There 
was  no  change  in  the  1.75  inch  dimension,  which  indicated  that  there  was  no  swelling  (Figure 
7.29)  on  the  large  planar  surfaces  in  contrast  to  what  occurred  on  the  Twin  Plate  and  prior 
designs.  The  OCV  was  1.1  volts. 

The  cell  was  opened  by  cutting  three  sides  of  the  top/can  TIG  welded  joint  and  by  folding 
back  the  top  (Figure  7.30).  No  salt  residues  or  signs  of  shorting  were  observed  on  the  top  of  the 
electrode  stacks.  When  the  top  of  the  cell  was  lifted  back,  (Figure  7.31)  more  than  half  of  the 
tabs  that  formed  the  positive  electrodes  bussing  came  loose.  When  pressure  was  applied  over  the 
tabs,  the  voltage  per  stack  from  the  positive  terminal  side  to  the  negative  read  2.5, 2.66,  and  2.8 
volts.  When  the  bus  tabs  were  reset  over  the  stacks,  the  voltage  reached  3.0  volts.  A  20-ohm 
resistor  was  connected  to  the  three  stack's  terminals  without  any  drop  in  voltage.  After  16  hours, 
the  cell  voltage  was  1.4  volts.  A  closer  examination  of  the  positive  electrode  showed  that  only 
the  foil  that  was  in  direct  contact  with  the  bussing  tab  had  a  weld  nugget.  The  rest  were  only 
tacked  and  became  disconnected  during  the  first  few  cycles.  There  was  a  much  better  weld 
between  the  nickel  bussing  tabs  and  the  copper  foil  tabs  of  the  negative  electrodes.  This 
confirms  the  difficulty  of  using  a  cleaned  portion  of  an  electrode  foil  as  the  current  collector  tab. 
When  the  active  material  is  scraped  from  the  aluminum  foil,  the  resulting  surface  is  not  suitable 
for  resistance  welding.  In  order  to  be  able  to  weld  a  group  of  aluminum  tabs,  their  surfaces 
cannot  have  been  exposed  or  affected  by  the  active  cathode  material.  Without  an  intermittent 
coating  process  for  making  the  electrode,  using  the  metal  foil  substrate  for  the  tab  is  impractical 
for  thin  foil  technology. 
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NAVY  Prismatic  LiCo02  /  Li  Metallic 
140  AH  Cell,  Weight  Distribution 


(2.7%)  Li  metallic 
(18.7%)  Electrolyte 

(3.7%)  Separator 

(7.4%)  Copper  collector 
(5.4%)  Aluminum  collector 


(32.1%)  LiCo02 


(1.9%)  Mix  additives 


(28.1%)  Hardware 


81  Wh/Lb 


NAVY  Prismatic  LiNi02  /  Carbon 
110  AH  Cell,  Weight  Distribution 


(16.5%)  Carbon 


(15.4%)  Electrolyte 

(1.2%)  Separator 
(6.9%)  Copper  collector 
(3.4%)  Aluminum  collector 


(27.0%)  LiNi02 


(5.4%)  Mix  additives 


(24.2%)  Hardware 


64  Wh/Lb 

Figure  7.1  Comparison  of  the  Weight  Distribution  Between  LiCo02/Li  Metallic  and 
LiNi02/Carbon  Cells 
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Figure  7.2  Electrode  Coating  System 


Figure  7.3  Trimmed  Positive  Plate  for  Full  Plate  Design 
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Figure  7.8  Positive  Plate  for  Twin  Pack  Design 
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Figure  7.9  Positive  Plate  with  Separator 
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Figure  7.10  Negative  Plate  for  Twin  Pack  Design 
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Figure  7.1 1  End  Plate  for  Twin  Pack  Design 
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Figure  7.16  Cell  Assembly  for  the  Twin  Pack  Design 


LiNi02  Prismatic  TWIN  Plates  -  T22CL 

Charge  C/9  &  C/10,  Discharge  C/6  &  C/10  @  +23  C. 
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H*V 
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Figure  7.17  Capacity  (Ah)  Versus  Cycle  Number  for  Cell  Navy  T22CL 
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Figure  7.18  Photograph  of  Opened  Twin  Pack  Cell 
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Figure  7. 1 9  Photograph  of  Opened  Twin 


NSWCCD.TR-97/010 


7-31 


Figure  7.20  Thickness  Measurements  of  Positive  Plate  After  Cycling 
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Figure  7.21  Thickness  Measurements  of  Negative  Plate  After  Cycling 
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Figure  7.24  Stacking  fixture  for  the  Slitted  Plate  Design 
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Figure  7.25  Can  with  Dividers 
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Figure  7-26  Photograph  of  the  Slitted  Plate  Cell 
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LiCo02  Prismatic  SLITTED  Plates  -  T231 

Charge  C/10,  Discharge  C/6  @+23  C. 


Capacity  (Ah)  Versus  Cycle  Number  for  Cell  Navy  T231 
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Figure  7.29  Photograph  of  Cell  Navy  T231  After  Cycling 
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Figure  7.31  Photograph  of  Cell  Navy  T231  Showing  Positive  Bussing 
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Table  7.1  Comparison  of  Performance  at  the  Battery  Level  of  the  Metallic 
Lithium  System  and  the  Lithium  Ion  System 


Estimated  Battery 

Metallic  Lithium 

Estimated  Battery 

Reinforced  Cell  as 

LiON* 

Building  Block 

Full  Plates 

Energy'  Density: 

(Wh/1) 

200  -220 

250  -  280 

Specific  Energy: 
(Wh/kg) 

120  - 130 

120 

Cycles: 

60  @  80% 

100  @  95% 

nitial  capacity 

initial  capacity 

500  @  75% 
initial  capacity 
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Table  7.2  Comparison  Between  LiNiOa  and  LiCo02  Electrochemistries 

DIMENSIONS  •  44.4  mm  X  147.3  mm  X  184.1  mm 

Volume  1206  cc. 

ELECTROCHEMISTRIES  COMPARATION 


LiNi02 

UCo02 

Pos.  plate  porosity 

30.3 

30.5 

Pos.  plate  thickness 

0.0095 

0.0105 

No.  of  pos.  plates 

74 

70 

Pos.  active  mat'l.  gms. 

859.4 

952 

Neg.  plate  porosity 

40.3 

40.3 

Neg.  plate  thickness 

0.0079 

0.0079 

Carbon  gms. 

375.6 

355.6 

Separator  2400 

K-869 

Polypropylene 

Polyethylene 

Polypropylene 

Polyethylene 

Electrolyte  gms. 

471.7 

475.3 

Theorical  Ah 

120.66 

111.38 

Pos.  surface  cm2. 

31491 

29789 

Cell  weight  gms. 

3106 

3176 
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Table  7.2  (Continued) 

LiNiO?  LiCo02 

Expected  performances  at  +  23  C. 


ADV  (avge.  disch.  volts) 

3.5 

3.85 

WH 

422.3 

428.81 

Wh/L 

350.16 

355.54 

Wh/Kg 

135.98 

134.98 

Wh/Lbs. 

61.811 

61.358 

Cycling  rates 

Mrs 

Amps 

Hrs 

Amps 

Charge 

5.89 

20.47 

7.19 

15.49 

Discharge 

3.2 

37.79 

3.1 

35.75 

Number  of  cycles. 

500 

500 

Note:  Performances  at  0  C  +,-  2  C  would  be  reduce  by  about  5  % 
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Table  7.3  Design  Characteristics  of  LiNi02  and  LiCo02 


LiNi02 

LiCo02 

Density 

4.78  gm/cc 

5.16  gm/cc 

Utilization 

140  Ah/Kg 

130  Ah/kg 

Charging  Rate 

0.52  mA/cm^ 

1.2  mA/cm' 

Average  Discharge  Voltage 

3.5V 

3.85V 
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Table  7.4  Comparison  of  Performance  of  the  Narrow  Plate  Versus  the  Full  Plate 
Design 


CELL  LEVEL 


Average  Discharge  Voltage  (V); 
Energy  (Wh): 

Energy  Density  (Wh/I): 

Specific  Energy  (Wh/kg): 

(Wh/lbs): 

Cycling  Hours 

Charge  6 

Discharge  6  or  less 


Narrow  Plates 

Full  Plates 

3.5 

3.5 

328 

421 

272 

349 

125 

135 

57 

61.6 

Amp 

Hours 

Amp 

15.5 

6 

19.9 

28.6 

6  or  less 

36.7 

Number  of  Cycles;  1 00  Cycles  with  95%  of  initial  capacity 

500  Cycles  with  75%  of  inititial  capacity 


NOTE;  Performances  at  0  °C  ±  2  reduced  by  about  5%. 
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Table  7.5  Proposed  Twin  Pack  Design 


Dimensions  in  mm.  44.4  x  147.3  x  184.1 

Volume  in  cm3.  1206 

Twin  pack 

Electrodes 

Positive 

Negative 

Materials 

LiNi02 

Lonza/Graphite 

Plate  dimensions  in  mm. 

Loading  in  mgs/cm2. 

Porosity  % 

Total  number  of  plates 

Total  active  material  weight  in  gms. 

Total  plate  surface,  both  sides 
in  cm2. 

Separator,  Celgard  :  E-120 
Electrolyte  in  gms. 

SS.  Hardware  weight  in  gms. 

Cell  weight  in  gms. 

Cycling  capacity  in  Ah. 


0.18X68X162 

44 

21 

180 

840 

38400 

27  microns  PP/PE  /PP 
500 
670 

j 

t 

I  120 


0.23X71  X  165 
24 
40 
181 
520 
43500 
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Table  7.5  (Continued) 


Expected  performances  at  +  23  C. 
Ah 

Avge  Discharge  Voltag 
WH 
Wh/L 
Wh/Kg 
Wh/Lbs. 

Cycling  rates 

Charge 
Discharge 

Number  of  cycles. 

Note;  Performances  at 


120 

3.58 

436 

362 

139 

63 

Current 

30  amps  to  4.1  V.  TricKle  to  0.5  A 
30  amps  to  2.8  V. 

500 


Hrs 
5 
4 

0  C  +,-  2  C  would  be  reduce  by  about  10  %. 
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Table  7.6 

Proposed  Slitted  Plate  Design 

Dimensions  in  mm.  44.4  x147.3  x184 

Volume  in  cm3.  1206 

Slitted 

Electrodes 

Positive 

Negative 

Materials 

LiNi02 

Lonza/Graphite 

Plate  dimensions  in  mm. 

0.25  X  39  X  141 

0.24  X  42  X  144 

Loading  in  mgs/cm2. 

52 

25 

Porosity  % 

30 

40 

Total  number  of  plates 

340 

341 

Total  active  material  weight  in  gms. 

920 

530 

Total  plate  surface,  both  sides 

37400 

41200 

in  cm2. 

Separator,  Celgard  :  E-120 

27  microns  PP/PE  /PP 

Electrolyte  in  gms. 

520 

SS.  Hardware  weight  in  gms. 

580 

Cell  weight  in  gms. 

•  3200" : 

Cycling  capacity  in  Ah. 

128 
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Table  7.6  (Continued) 


Slitted 


Expected  performances  at  +  23  C. 


Ah 

Avge  Discharge  Voltag 
WH  ■ 

Wh/L 

Wh/Kg 

Wh/Lbs. 


Cycling  rates 

Charge 

Discharge 


Hrs 

5 

4 


128 

3.58 

458 

382 

148 

67 


Current 

30  amps  to  4.1  V.  TricKle  to  0.5  A. 
30  amps  to  2.8  V. 


Number  of  cycles. 


500 


Note:  Performances  at  0  C  +,-  2  C  would  be  reduce  by  about  10  %. 
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Table  7.7  Proposed  Slitted  Plate  Design  Using  LiCo02  as  the  Cathode 


(  )  Intented  design. 

Dimensions  in  mm. 
Volume  in  cm3. 

44.4  X  147.3 
1206 

X  184.1 

SLITTED 

PLATES 

NAVY  T  231 

Electrodes 

Positive 

Negative 

Materials 

UC0O2 

Lonza/Graphite 

Plate  dimensions  in  inches 

1.55  X  6.750 

1.66  X  6.875 

Thickness 

(0.0086) 

0.009 

(0.0078)  . 

0.0085 

Loading  in  mgs/cm2. 

(45) 

41.8 

(21) 

22.2 

Porosity  % 

(41) 

48.1 

(40) 

42.7 

Total  number  of  plates 

(309) 

280 

(311) 

277 

Total  active  material  weight  in  gms. 

(883) 

733 

(470) 

453 

Total  plate  surface,  both  sides 
in  cm2. 

(39148) 

35094 

(42000) 

40930 

Separator,  Celgard  ;  E-120 

27  microns  PP/PE  /PP 

Electrolyte  in  gms. 

(630) 

612 

SS.  Hardware  weight  in  gms. 

(585) 

684 

Cell  weight  in  gms. 

(3098) 

3060 

Cycling  capacity  in  Ah. 

(115) 

85 

Distribution  of  the  plates  in  the  cell  with  three  stacks. 

Stack  Number  and  average  weight  in  gms.  Number  and  average  weight  in  gms. 


of  positives  plates. 

of  negatives  plates. 

#  1 

85 

4.2 

86 

2.57 

#2 

101 

3.1 

102 

2.54 

#3 

91 

3.1 

92 

2.53 
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Chapter  8 

Electronics  for  the  Navy  SEAL  Delivery  Vehicle 

In  order  for  a  lithium  rechargeable  battery  to  operate  in  a  safe  and  efficient  manner,  its 
voltage  range  and  limits  during  the  charge  and  discharge  must  be  controlled  accurately.  Because 
the  SEAL  Delivery  Vehicle  Battery  will  consist  of  8  modules  of  16  volts  and  600  Ah,  each 
module  will  be  charged  individually  and  connected  in  series  for  the  discharge  of  the  full  battery. 

Each  of  the  eight  electronics  controls  will  handle  one  module.  The  module  is  made  up  of 
a  group  of  four  cells  connected  in  parallel  and  four  of  each  such  group  connected  in  series. 


System  Description 

The  battery  module  electronics  will  be  mounted  on  a  printed  circuit  board  that  will  extend 
over  the  tops  of  the  cells,  with  holes  placed  such  that  the  cells  can  be  bolted  into  the  proper 
physical  location  and  connected  into  the  circuitry  (Figure  8.1).  The  board  will  be  reinforced  so 
that  the  cells  can  be  removed  from  their  carrier  by  lifting  the  board  and  cell  assembly.  Cells  can 
then  be  unbolted  and  replaced  if  necessary. 

The  electronics  will  control  the  individual  cell  voltage  on  charge  and  assure  that  each  cell 
does  not  draw  excessive  current.  Should  a  cell  heat  excessively,  the  electronics  will  disconnect  it 
from  charge.  Likewise,  on  discharge,  cell  voltages  will  be  monitored  and  individual  cells 
disconnected  should  their  voltage  fall  below  the  discharge  cutoff.  A  module  supervisor  circuit 
will  be  provided  that  will  monitor  and  control  battery  charging.  This  system  will  receive  cell 
performance  data  from  the  cell  controllers,  evaluate  charge  performance  and  provide  the 
appropriate  control  information  to  the  battery  charge  power  supply.  Additionally,  it  will  operate 
the  parallel  string  bypass  circuitry  that  is  necessary  to  provide  optimum  charging  to  each  of  four 
parallel  strings  of  cells  in  the  battery.  The  module  supervisor  will  also  provide  system 
diagnostics  in  the  form  of  a  serial  data  stream  that  can  be  monitored  on  a  hand  held  terminal  or 
personal  computer. 


System  Design 

The  electronics  system  is  composed  of  the  following  modules,  or  subsystems: 

•  Cell  Controller  (one  for  each  cell  - 16  total) 

•  Bypass  Controller  (four  per  module) 

•  Module  Supervisor  (one  for  each  module) 

•  Charge  Power  Supp?  y  (one  per  module  in  charge) 

•  Mechanical  (physicei  accommodation) 
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Figure  8.2  shows  an  overview  of  the  module  electronics  in  block  diagram  form.  The 
following  sections  describe  the  principles  of  operation  of  each  of  the  subsystems. 

Cell  Controller 

The  cell  controllers  are  microcontroller-based  systems  that  monitor  the  voltage,  current 
and  temperature  of  the  individual  cells  (Figure  8.3).  They  disconnect  the  cell  from  charge,  or 
discharge  if  the  cell  voltages  rise  or  fall  past  their  full  charge  voltage  or  minimum  cutoff  voltage 
respectively.  Charge  cutoff  is  implemented  by  a  low  conduction  loss  transistor  switch 
(MOSFET  or  IGBT).  When  the  charge  voltage  limit  is  reached,  the  microcontroller  opens  the 
charge  control  switch  and  cell  charging  stops.  Likewise,  when  the  discharge  voltage  limit  is 
reached,  the  discharge  control  switch  is  opened  and  cell  discharge  stops.  The  proper  conduction 
modes  are  reset  when  cell  voltage  returns  to  the  correct  operational  range.  Voltage  cutoffs  are 
compensated  by  cell  temperature,  which  is  also  measured  by  the  microcontroller  so  that  optimum 
performance  is  maintained  and  safe  cell  operation  assured. 

The  cell  controller  also  measures  cell  current,  both  charge  and  discharge.  This  allows  the 
microcontroller  to  remove  the  cell  from  charge  or  discharge  if  current  limits  are  exceeded. 
Because  control  is  implemented  digitally,  parameters  such  as  temperature  and  cell  voltage  can  be 
incorporated  into  the  cutoff  decision  algorithm.  Cell  operating  parameters  are  provided  to  the 
module  supervisor  so  that  bypass  control  can  be  implemented  for  the  charge  current  control,  or 
the  entire  module  disconnected  for  discharge  current  and  voltage  control. 

The  cutoff  devices  are  important  parts  of  the  system.  They  need  to  be  sized  to  handle  cell 
currents,  both  charge  and  discharge  as  well  as  providing  as  low  a  conduction  loss  as  possible. 
Because  of  the  series  nature  of  the  module  connections,  conduction  losses  from  individual  cells 
are  cumulative  and  quickly  become  a  significant  consideration  in  system  design.  An  important 
portion  of  the  proposed  effort  will  concern  component  selection  and  system  design  of  the  cell 
cutoff  devices. 

Charge  control  is  made  easier  by  the  parallel  connection  of  four  cells  and  their 
controllers.  When  cells  are  connected  in  series,  the  more  degraded  cells  in  the  string  tend  to 
elevate  the  string  voltage,  reducing  the  string  charge  current  that  causes  incomplete  charging  of 
the  less  degraded  cells,  reducing  the  overall  charge  acceptance  of  the  battery.  The  proposed 
arrangement  clamps  the  charge  voltage  of  the  four  cells,  eliminating  excessive  charge  voltage  of 
the  four-cell  pack. 

Bypass  Controller 

The  function  of  the  bypass  controller  is  to  allow  the  full  charge  current  from  the  charger 
to  flow  through  the  series  string  of  four  cell  packs  (which  are  connected  in  parallel)  even  if  one 
or  more  of  the  packs  are  receiving  lower  levels  of  charge  current.  As  in  the  series  string  example 
above,  the  bypass  controller  prevents  a  single  four-cell  pack  from  reducing  the  charge  received 
by  the  other  packs  in  the  module.  The  bypass  controller  operates  by  allowing  a  certain  amount 
of  charge  current  to  shunt  around  the  four-cell  pack,  therefore  reducing  the  amount  of  current 
received  by  the  pack.  The  module  supervisor,  based  on  information  collected  from  the  cell 
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controllers,  determines  the  bypass  setting.  The  bypass  controller  only  operates  during  charge 
mode  and  is  inactive  during  discharge  and  storage. 

Module  Supervisor 

The  module  supervisor  has  several  functions: 

•  Collect  cell  performance  information  from  the  cell  controllers 

•  Manage  operation  of  the  bypass  controller  during  charge 

•  Coordinate  the  cutoff  operation  of  the  cell  controllers  during  charge  and  discharge 

•  Provide  module  performance  diagnostics  to  an  external  user  terminal  or  personal 
computer. 

•  Control  the  operation  of  the  Charge  Power  Supply. 

The  Supervisor  is  another  micro-controller-based  system  which  communicates  with  each 
cell  controller  (16  per  module)  to  collect  cell  status  information.  Supervisor-to-cell  controller 
communication  will  be  performed  over  a  simple  serial  data  link,  where  each  controller  will  be 
periodically  polled  to  obtain  its  current  status.  A  current  set  of  cell  status  parameters  such  as 
voltage,  current,  temperature,  charge  cutoff  status  and  discharge  cutoff  status  is  maintained.  The 
data  will  be  processed  in  order  to  determine  the  necessary  operating  parameters  of  the  module. 

The  module  supervisor  will  control  bypass  controller  operation  because  the  supervisor 
has  the  cell  data  necessary  to  perform  this  function.  Bypass  current  will  be  controlled  such  that 
the  parallel-connected  cells  are  not  exposed  to  excessive  charge  current.  This  mode  is  necessary 
if  one  parallel  cell  pack  requires  less  charge  current,  as  at  the  end  of  a  charge  cycle.  The  current 
supplied  from  the  charge  power  supply  will  be  reduced.  During  charge  and  discharge,  if  one  cell 
in  a  parallel  pack  disconnects,  the  other  cells  in  the  pack  will  experience  higher  current  levels.  If 
these  levels  become  excessive,  or  if  there  is  an  unacceptable  rise  in  temperature,  the  module 
supervisor  can  direct  all  the  cell  controllers  in  the  pack  to  open,  effectively  shutting  off  the 
battery.  Even  though  this  function  is  also  supported  in  each  cell  controller,  operation  by  the 
Supervisor  assures  a  safety  backup. 

The  Supervisor  also  provides  system  diagnostics  to  an  external  user  terminal  or  personal 
computer.  This  feature  provides  insight  into  the  operation  of  the  module  during  charge  and  test 
or  operational  discharges,  allowing  the  detection  and  diagnosis  of  a  performance  problem  that 
would  otherwise  be  difficult  to  detect.  Data,  such  as  state  of  charge,  load  and  charge  sharing 
between  cells  and  parallel  packs,  cell  heating  and  cycle  history,  could  be  available  both  during 
charge  and  after  the  various  modules  are  assembled  into  a  complete  battery.  The  data  system 
will  be  designed  to  support  not  only  the  user  terminal  during  charge,  but  also  to  interact  with 
other  module  supervisors  in  a  complete  battery  to  provide  status  and  diagnostic  information  to 
the  user  vehicle. 
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Charge  Power  Supply 

The  Charge  Power  Supply  will  be  a  commercial  power  supply  designed  for  use  in  battery 
chargers  and  will  be  capable  of  supplying  the  required  60-amp  module  charge  current.  The  unit 
will  accept  control  inputs  for  both  output  voltage  and  output  current  limit.  It  will  also  provide  a 
current  measurement  output.  Instrumentation  connections  will  be  made  directly  to  the  module 
supervisor  circuitry  and  the  power  connections  will  be  made  to  the  charger  connections  on  the 
module  electronics  board. 


Mechanical  Design 

As  mentioned  previously,  the  cells  will  bolt  directly  into  the  module  electronics  board 
allowing  easy  cell  replacement  and  easy  maintenance  as  well  as  a  low  profile  bussing.  The 
board  will  be  reinforced  with  bus  bars  to  carry  the  charge  and  discharge  currents,  and  at  the  same 
time  add  stiffness  to  the  board.  Insulated  metal  rails  will  be  attached  to  the  long  edges  of  the 
boards  and  will  have  grab  points  for  module  extraction.  They  could  serve  as  a  heat  sink  for  the 
power  semiconductors  used  in  the  module  electronics.  The  conducting  surfaces  of  the  board  and 
the  electronics  components  would  be  protected  from  moisture  and  salt  water  by  a  diversity  of 
conforming  coatings  and  waterproofing  material. 


Prototype  Board 

For  the  single  cell,  a  smaller  prototype  board  was  designed  and  built.  It  was  the  same 
size  as  the  top  of  the  cell  and  bolted  directly  into  the  cell  terminals  (Figure  8.4).  This  small 
board,  which  was  built  with  off-the-shelf  electronic  components,  will  monitor  the  cell  voltage, 
current,  and  temperature.  It  also  protects  the  cell  from  over-discharge  to  3.0  volts  (LiCo02), 
external  short-circuit  over  25  amps,  and  temperature  over  75°C.  The  microprocessor,  with  the 
integration  of  a  digital  potentiometer  can  modify  the  discharge  voltage  limits  according  to  the 
temperature  input  and  provide  temperature  compensation.  This  provides  a  cell  that  has  a  better 
balanced  discharge  capacity  between  0°C  and  60°C. 

The  board  disconnect  or  MOSFET  can  handle  a  load  up  to  25  amps  and  has  a  low  voltage 
drop  of  40  millivolts.  Because  the  electronics  requires  5  volts  for  a  single  cell  application,  a  DC 
converter  has  been  added  that  supplies  5  volts  from  a  1.2-volt  to  9-volt  input.  Also,  a  watchdog 
timer  was  added  to  force  the  MOSFET  to  switch  to  the  open  position  in  any  case  of  electronics 
malfunction.  This  insures  the  safety  of  the  cell. 


/ 
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Figure  8. 1  Module  Electronics  for  the  SEAL  Delivery  Vehicle  Battery 
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Figure  8.3  Cell  Controller  Concept 
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"Smart  Battery"  Control: 

Electronic  Charge/Discharge/Safety  Circuitry 


"Smart  Battery"  Control  Position  on  the  Cell 
Figure  8.4  Photographs  of  the  Prototype  Electronic. Boards 
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^  Chapter  9 

Conclusions  and  Reconunendations 

• 

The  object  of  this  procurement  was  to  design  a  rechargeable  Li/LiCo02  cell  with  a 
minimum  capacity  of  100  Ah.  The  cell  would  deliver  at  least  100  Wh/lb  every  cycle  for  at  least 
50  cycles.  The  lithium  metallic  cell  delivered  more  than  140  Ah  at  23°C  and  130  Ah  at  -2°C; 
however,  its  specific  energy  was  only  81  Wh/lb.  The  cells  had  these  capacities  for  38  cycles  at 
23 °C  and  18  cycles  at  -2'’C. 

During  charging,  the  physical  expansion  of  the  lithium  electrode  occurred  unimpeded  by 
the  planar  faces  or  by  the  rivets.  There  was  more  deflection  at  the  cold  temperature  (-2°C)  than 
at  23°C.  The  design  of  the  cell  hardware  must  account  for  this  deflection  of  the  cell  stack  within 
a  fixed  volume,  as  happens  in  a  cylindrical  design.  Based  on  the  experience  gained  from  the 
lithium  ion  design,  this  could  be  accomplished  by  increasing  the  thickness  of  the  end  plate 
(Figure  4.2)  to  0. 125  inches,  changing  the  design  of  each  end-plate  rivet  to  one  similar  to  the  can 
center  rivet  (Figure  7. 14),  and  by  using  a  pop  rivet.  With  these  changes,  the  thickness  of  the  can 
could  be  reduced  from  0.035  to  0.015  inches.  However,  design  changes  that  would  strengthen 
the  container  would  not  solve  the  fundamental  problem  that  lithium  in  rechargeable  cells  of  over 
100  Ah  would  always  have  a  potential  for  a  fault  mode. 

Safety  tests  (Chapter  6)  under  abusive  electrical  conditions  were  performed  on  small 
4/5  A-size  cylindrical  cells  that  were  0.62  inches  in  diameter,  and  which  had  an  overall  length  of 
1.75  inches.  The  electrodes,  electrolyte,  and  separators  were  the  same  as  that  used  in  the  large 
Navy  prismatic  cell.  The  separator  was  one  ply  of  polypropylene  (Celgard  2400  on  the  negative 
and  one  ply  of  polyethylene  (Celgard  K-869)  on  the  positive.  There  was  clear  evidence  that  the 
polyethylene  had  acted  as  a  “shut  down”  separator  in  the  cells  that  were  cycled  at  room 
temperature.  The  cell  that  was  cycled  at  the  low  temperature  showed  lithium  build-up  through 
the  separator  because  of  an  increase  in  the  anode  thickness.  Under  this  condition,  the  “shut 
down”  mechanism  did  not  work  because  the  clogged  separator  was  not  able  to  stop  the  ionic 
conduction  when  it  reached  its  melting  temperature. 

There  were  limitations  in  the  lithium  ion  design  because  the  electrode  coating  process 
produced  plates  that  were  only  4.5  inches  wide  and  therefore  could  not  produce  the  electrodes 
(Figure  7.3)  that  would  be  required  for  a  full  plate  design.  Attempts  to  add  a  strip  (Figure  7.4) 

«  led  to  other  problems.  The  electrode  coating  process  produced  plates  with  coating  thickness 

variation  across  the  plates  in  both  directions.  Because  of  this  thickness  variation  and  the 
tolerance  build-up,  it  was  not  possible  to  maintain  an  even  pressure  on  the  stack  of  the  Twin 
Pack  design.  During  charging,  the  low-pressure  side  expanded  more  causing  the  tabs  to  break. 
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The  Slitted  Plate  design  offered  the  best  approach  because  it  avoided  the  stack  pressure 
on  the  large  planar  surfaces  by  assembling  the  plates  in  the  transverse  direction.  It  eliminated  the 
peeling  of  the  edges  of  the  electrodes  caused  by  cutting  the  electrodes  with  steel  rule  dies.  The 
two  internal  dividers  eliminated  the  deflection  of  the  planar  surfaces  of  the  can  which  led  to 
better  control  of  the  stack  pressure  during  temperature  cycling.  This  permitted  the  filling  of  the 
cell  with  electrolyte  at  a  higher  pressure  without  requiring  a  fixture  (Figure  4.4)  and  would 
assure  that  the  electrode  plates  were  impregnated  with  electrolyte. 

With  improvements  in  the  electrode  coating  process,  it  is  now  possible  to  make  plates  by 
a  process  of  intermittent  coating  so  that  the  plates  would  have  areas  without  active  material  that 
could  be  used  to  form  the  tabs.  The  surface  of  the  tab  would  be  suitable  for  resistance  welding  to 
the  bussing  tabs. 

With  the  latest  improvements  in  the  manufacturing  of  thin  foil  electrodes,  Saft  can 
fabricate  a  lithium  ion  cell  with  LiNi02  as  the  positive  material  and  graphite  as  the  negative 
material  with  a  capacity  of  1 15  Ah  and  a  specific  energy  of  66  Wh/lb  (Table  9.1). 
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